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Preface to Fourth Edition 


siochemistry continues to advance at great speed and in many directions. 
In this revision, as before, the author has attempted to keep sight of its vast 
new horizons. The first objective has of course been to eliminate any concepts 
which have changed or are of doubtful nature. More difficult has been the 
task of selecting from the almost limitless researches those advances which 
seem to be authenticated and at the same time of significant value to the 
student. From the many pages and volumes of current biochemical literature, 
it has been necessary to cull those discoveries which are either of proved 
worth or indicative of exciting trends. The original purpose of Human Bio- 
chenuistry—to create a useful, understandable, and compact volume—has been 
kept in mind constantly. 

Every chapter has been examined critically. In most cases this has been 
done by an expert in the field, whose advice has been followed as closely as 
possible. Large areas have been completely rewritten, notably those dealing 
with blood coagulation, enzymes and coenzymes, physiological oxidations, 
cholesterol metabolism, urea formation, transmethylation, and the mechanism 
of insulin action. There has been extensive revision of the sections concerning 
the tricarboxylie acid eyele, coenzyme A, formation of gastric HCl, biochem- 
istry of tumors, the role of vitamin A in vision, vitamin B,, and folie aeid, 
electrolyte and acid-base balance, and the metabolism of a number of the 
amino acids. Pentose and fatty acid metabolism have been given more space, 
and the use of isotopes is reflected in many chapters. 

Among the new topics thought worthy of discussion are the dextrans, 
triiodothyronine, glucagon, serotonin, the carbonie anhydrase inhibitors, blood 
iodine, lipoie acid, and the structure of insulin and of oxytocin. A section is 
devoted to the nomenclature of the steroids. 

There have been introduced two new photomicrographs and a number of 
new figures and diagrams. Some of the latter have appeared elsewhere and 
are reproduced by kind permission of the authors and publishers. Several 
illustrations which appeared in the third edition have been modified to agree 
with current concepts. 

The writer expresses his thanks for searching criticism of various chapters 
or large sections to Dr. Maurice M. Black, Dr. Richard J. Block, Dr. Halvor 
N. Christensen, Dr. Adam A. Christman, Dr. Charles L. Fox, Jr., Dr. C. E. 
French, Dr. David Glick, Dr. Franklin Hollander, Dr. Alfonso A. Lombardi, 
Dr. Walter Menaker, Dr. Walter H. Seegers, Dr. Sam Seifter, Dr. J. A. Stekol, 
and Dr. R. W. Swift. It is a pleasure to acknowledge the valuable counsel 
given by Dr. Stefan Ansbacher, Dr. Harry Barowsky, Dr. William H. Beinfield, 
Dr. Lyman ©. Craig, Dr. Harry J. Deuel, Jr., Dr. Louis B. Dotti, Dr. David L. 
Drabkin, Dr. Leonard G. Ginger, Dr. Sam Granick, Dr. Charles Haig, Dr. 
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William B. Langan, Dr. L. Corsan Reid, Dr. Kurt G. Stern, Dr. Carleton R. 
Treadwell, Dr. Vincent du Vigneaud, Dr. D. Wright Wilson, and Miss Rachel 
Reed. Continuous aid has come from the writer’s associates, Dr. Harry Baron, 
Dr, Paul Fodor, Mr. Arthur Katchman, and Mr. Sherman Beyehok. The ad- 
vice and encouragement of his colleague, Professor Carl Neuberg, have been 
particularly gratifying. Thanks are expressed to all of the above and to many 
others who have sent in eriticisms and suggestions. All of their ideas could 
not be embodied in this work, but for those which have been included (as well 
as for omissions) the writer assumes full responsibility, despite the fact that 
he could not hope to be an authority on so many phases of the subject. 

Grateful mention should be made of the efficient secretarial assistance of 
Mrs. Ruth Glantz and the bibliographic work of Mrs. Eugenia Dover. The 
original line drawings are the work of Miss Natalie Pearlstein, and the photo- 
micrograph of hemin crystals is by Mr. Jacob Glenner, to both of whom thanks 
are due. 


ISRAEL S. KLEINER 
New York, N. Y. 


Preface to First Edition 


It is not so many years since physiological chemistry was essentially a pure 
science course in medical schools and reference to clinical applications was in- 
eidental if not accidental. Medical and dental students, reasonably enough, 
questioned the necessity of the subject in the curriculum, feeling it was not much 
more than a mental exercise, as Latin is so often considered in the academic 
curriculum. But those days have passed. The name biochemistry has now, in 
most instances, replaced the term physiological chemistry, and that bit of stream- 
lining has been accompanied by a modern approach on the part of the chemistry 
faculty. The biochemist has come halfway from the laboratory toward the 
elinie. 

The student now is shown the subject as an integral part of the practice of 
medicine—not just as a part of the medical curriculum. He learns that ad- 
vances in every branch of medicine, surgery, and dentistry have been made as a 
result of biochemical research, that the human body is applied biochemistry, that 
the entire field of physiology is a series of biochemical reactions and pathological 
phenomena result from disturbances of these same reactions, and that biochem- 
ical discoveries are more and more responsible for progress in diagnosis and 
therapeutics. The present volume is an attempt to bring home to the student 
these clinical aspects of biochemistry without usurping any clinician’s domain 
and without neglecting the fundamentals. 

Since the preparatory years of medical and dental students are today being 
curtailed in many instances, it is necessary to keep in mind the fact that the 
classes for a few years will include some who are not so well equipped as one 
would wish. It is hoped that this text is neither too advanced for them nor too 
elementary for students who are well prepared. 

The question of mentioning investigators’ names and quoting references has 
given the writer considerable concern. However, consideration has been given 
primarily to the student and secondarily to the instructor or advanced student. 
Therefore, the number of such references has been kept as low as possible. The 
student should be familiar with the names of some of the scientists who are re- 
sponsible for fundamental discoveries. There should also be available to him 
references to the more recent experimental studies which seem to be establishing 
new trends. The instructor may want to ask the student to go to the original 
sources, particularly if the subject is controversial. Many such references have 
been given, and reviews or monographs have been cited to permit a more ex- 
tended study ef some of the topics discussed, but it has been impossible to men- 
tion more than a small fraction of the names of competent investigators and 
authorities. In many instances, distinguished names have been omitted in order 
to improve the ‘‘readability’’ of the text. 

Thanks are due to the following biochemists, physiologists, and specialists 
in other fields who read and eriticized parts of the manuscript and who made 
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many valuable contributions: Dr. Alfred Angrist, Dr. Cameron V. Bailey, 
Mr. Harry Baron, Dr. Maurice M. Black, Dr. Richard J. Block, Dr. W. R. aN ge 
Dr. Robert K. Brewer, Dr. Otis M. Cope, Dr. Louis B. Dotti, Dr. Charles Haig, 
Dr. Franklin Hollander, Dr. Arthur Knudson, Dr. William B. Langan, Dr. 
Joseph I. Linde, Dr. Fritz Lipmann, Dr. C. N. H. Long, Dr. Edgar G. Miller, Jr., 
Dr. Victor C. Myers, Dr. Marie O’Donahoe, Dr. Arnold H. Schein, Dr. Arthur H. 
Smith, Dr. Erie G. Snyder, Dr. Francis D. Speer, Dr. Henry Tauber, Dr. 
Abraham White. 

The author’s thanks also go to Mr. E. R. Capps, Mr. Stanley Beard, and to 
others who have been consulted at various times. Acknowledgment is gratefully 
made to Dr. Mary B. Stark, for the original diayram of a liver lobule; to Miss 
Ednita Bernabeu, for sketches of crystals; and to Mr. Christopher Tritsch, for 
the line drawings of diagrams. The invaluable aid, advice, and criticism of 
Mr. Frank L. Pollack is greatly appreciated. 

No textbook can be original. It is in the nature of a compilation of funda- 
mental facts and recent advances. As a result it is built upon the work of many 
others which have preceded it. The present work is no exception. Many text- 
books, reviews, and original articles have been consulted and their contents 
digested and assimilated into this volume. Acknowledgment is hereby made of 
this debt to many authors. Some copyrighted material has been used with the 
generous consent of the various authors and publishers. 


ISRAEL S. KLEINER 
New York 
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HUMAN BIOCHEMISTRY 


Chapter | 
INTRODUCTION 


Biochemistry is the study of the chemical composition of living matter 
and the changes which occur in it. Such changes under normal conditions are 
termed physiological; abnormally they are pathological. Both phases are 
important. It is self-evident that a knowledge of the normal should precede 
a consideration of the abnormal. However, the pathological phases must not 
be neglected. Indeed, they are important not only for so-called practical rea- 
sons, but also because the study of deviations from the normal very frequently 
sheds light on the normal. Several occasions to study important examples of 
this principle will arise. 


PROTOPLASM 


Living matter or protoplasm is impossible to define adequately. It differs 
from lifeless material in possessing the capabilities of growth, repair, and re- 
production. These properties may not be apparent at all times in the same 
degree, but they are present to some extent in all living organisms. Moreover, 
the life processes go on at comparatively low temperatures and with great 
rapidity. Comparable reactions in the laboratory require high temperatures, 
often with increased pressure, or else they go on very slowly and quite in- 
completely. Many reactions of the living cell are of great complexity—intricate 
interwoven oxidations, disintegrations, and syntheses—in comparison with which 
the manifold simultaneous operations of a modern newspaper press are like sim- 
ple mechanical toys. Some of these marvelous reactions are known and partly 
understood. Many others are only appreciated because of our awareness of the 
end products. We must be impressed by the orderly way in which all of the 
chemical activities of the body coordinate. This may be another attribute of 
living matter, the orderliness of its chemical reactions. 

Protoplasm is composed of water, inorganic salts, and organic compounds. 
Water is undoubtedly the most important compound in tissues. The water of 
the tissues and body fluids is mostly in the free state, that is, substances may 
be dissolved in it and it may pass back and forth from blood to tissues, in and 
out of cells. A small fraction of the water is believed to be bound, that is, some 
of the water in hydrophilic colloid systems is combined so that the activity of 
the water molecules is reduced considerably. [ree water varies according to 
diet and physiological activity, whereas bound water is a rather constant con- 


stituent of the tissues. 
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Water of Tissues 


In general, the more active the tissue from a physiological standpoint, the 
higher the content of water. Table I illustrates this point. True osseous tissue, 
the function of which is support and protection rather than physiological 
activity, has a low water content. The same is true of dentine, a hard protective 
but inactive tissue. Adipose tissue also is low in water; it too is inactive, being 
a food store and, in some instances, a protective or supporting material. An 
apparent exception is cartilage, a rather inert tissue with a high content of water. 
Ilowever, water is necessary in this instance to give the tissue its softness and 
pliability. 

TABLE I 


CONTENT OF WATER IN TISSUES 











TISSUE PER CENT TISSUE PER CENT 
Muscle 75-80 Pancreas 73 
Nervous tissue 76 Adrenal 80 
Heart 79 Thyroid 80 
Kidneys 81 Thymus 77 
Liver 75 Skin 70 
Spleen 77 Adipose 10-30 
Bones (with marrow) 46 Bones (without marrow) 23 
Dentine 10 





_The study of water balance will be taken up in a later chapter. Suffice it 
to say that we have several mechanisms for maintaining and controlling the 
water supply of the tissues. When these go wrong, a number of pathological 
states may ensue. Dehydration is a condition not at all uncommon and is 
likely to have a fatal outcome if not recognized and combatted. Edema is an- 
other—a condition in which fluid leaves the blood stream and accumulates in 


the tissues. Sometimes what appears to be a very minor disturbance results in a 
major catastrophe. 


Water is needed for many and varied reasons. It is the solvent. the agency 
which enables water-soluble, water-miscible, or emulsifiable suhernnesd to be 
transferred in the body, not only in the blood, which is more than four-fifths 
water, but also inter- and intracellularly. Ionization takes place in water and 
lonization is a prerequisite to many biochemical reactions. 


In the regulation of body heat, water is most important because of its 
peculiar physical properties. It possesses high specific heat. This enables the 
body to store heat effectively without greatly raising the temperature. It has 
high heat conductivity. This permits heat to be transferred readily from the 
interior of the body to the surface. Finally, it possesses high latent heat of 


These are physical properties 
gulation of body temperature. 


Inorganic and Organic Constituents 
About 1 per cent of the tota 


1 weight of an aver i i : . 
salts. They comprise chiefly sal : age Ussue is ash, or imorganic 


ts of the following cations: Nat, K+, Mg, Cat 
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NH,*; and of the anions: Cl, H.PO,-, HPO,=, HCO;-, SO.=. Some of these 
may be linked to organie radicals, as is also the ease for Fe, I, Cu, Zn. Mn 
and some others. Except for water and small amounts of Danes ih = 0, 
and CO:, the balance consists of organic compounds: gab dueies Goa 
proteins, and many others. The various tissues differ in all of these senate: 
ents qualitatively and quantitatively. It is to be expected that a nerve cell 
will not have the same composition as a salivary gland cell. However, all cells 
resemble each other chemically to some extent. 


Since every cell contains a nucleus, it must contain nuclear constituents, 
and it also has a small number of primary constituents which resemble those 
of every other cell in a general way. However, they differ both qualitatively 
and quantitatively. They also differ in the content of certain special constituents 
which are peculiar to individual organs, and indeed to specialized parts of these 
organs. For example, a cell of adipose or fatty tissue will have a large propor- 
tion of inert fat which is characteristic of that tissue but also a small amount 
of protoplasm and a nucleus. The protoplasm and nucleus will resemble chem- 
ically the protoplasm and nucleus of a cell of, say, the gastric mucosa, but they 
must differ from each other in some ways because one has the function of 
laying down fat, while the other produces some constituent of the gastric 
juice. 

Classification of Biological Elements 


Sixty of the ninety-two elements believed to be present in the universe 
oceur in biological matter. Only a comparatively few, however, are found in. 
variably, and some of these only in minute amounts. Fearon classifies the 
biological elements as follows: 


A. Invariable or Constant Constituents 
1. Invariable Primary Elements 
Hydrogen, carbon, nitrogen, oxygen, and phosphorus. These are found in all 
forms of life and make up the greater part of all tissues. 
. Invariable Secondary Elements 
Calcium, magnesium, sodium, potassium, iron, sulfur, and chlorine. These ele- 
ments are also essential to life but are present in smaller amounts. 


3. Invariable Microconstituents 
Minute amounts of copper, boron, silicon, manganese, fluorine, and iodine are said 


to be present in all forms of life. 


bo 


B. Variable or Inconstant Constituents 
1. Variable Secondary Elements 
These are elements which are found in fairly high concentrations in certain species, 
but they probably do not occur in all. Zine, titanium, vanadium, and bromine 


are in this group. 

Variable Microconstituents 
Lithium, rubidium, cesium, 
tin, lead, arsenic, chromium, cobalt, nickel, aluminum, 
barium have been found in minute amounts in one or more species. 


to 


silver, beryllium, strontium, cadmium, germanium, 
molybdenum, and 


Ww 


. Contaminants 
In still smaller amounts and of a more accidental occurrence are the contaminants 


argon, helium, mercury, thallium, selenium, bismuth, and gold. 
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Isotopes 


A number of the elements occur in nature as mixtures of the more com- 
mon type with varying amounts of other forms having a slightly different 
atomic weight. These differing forms of the same element are called 
isotopes. Thus hydrogen with an atomie mass of 1 has an isotope deuterium 
with an atomic mass of 2; ordinary chlorine with an atomic mass of 35.457 
has been found to be a mixture of two isotopes, the first and more abundant 
one having an atomic mass of 35 and a second whose atomic mass is 37. 
They have the same chemical properties, although they differ in atomic mass. 

Exxceedingly interesting and important biological investigations have em- 
ployed the isotopes of several elements in recent years. The more uncommon 
isotope may be introduced into a definite group of a given molecule of a food- 
stuff, for example, in place of the common one. Then the fate of that group 
can be followed throughout its travels in the animal because of the special 
properties of the isotopic atom, particularly radioactivity. In this way, the 
carbon of a carboxyl or of a methyl group ean be ‘‘tagged’’ and followed, or 
the hydrogen or nitrogen of an amino group. Radioactive isotopes of carbon, 
calcium, phosphorus, sulfur, iodine, iron, cobalt, and zine are now available. 
However, it is frequently preferable to use a stable isotope in animal experi- 
mentation rather than a radioactive one, since radioactivity may be harmful. 
For example, radioactive carbon, ,C',* has a half-life} of 5,100 years and 
consequently would radiate in the animal’s body as long as it was retained. 
6C**, however, is not radioactive and is, therefore, harmless. By such methods 
it has been shown that our biochemical reactions are much more dynamie and 
continuing than had previously been supposed. Many types of molecules must 
first be incorporated into protoplasm before they can be used or even excreted, 
and this is a continual process characteristic of living matter. The details 
of biochemical interactions are slowly but surely being worked out. 
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=> iterature i ; : superscript 
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reduced one-half, » is the time necessary for the original concentration to be 
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Many biochemical problems can be explained only on a physicochemical 
basis, and biochemists are becoming constantly more aware of this fact. A 
brief summary of a few physicochemical topies and other fundamentals, there- 
fore, is presented here. 


LAW OF MASS ACTION 


The law of mass action applies to the state of equilibrium existing in 
reversible reactions taking place in dilute solutions. This law states that the 
rate at which a reaction takes place, at constant temperature, is proportional 
to the product of the concentrations of the reacting substances. The concentra- 
tions are expressed as gram moles per liter, and such concentrations are repre- 
sented by bracketing the symbols of the substances in question. 

The reaction between ethyl alcohol and acetic acid to form ethyl acetate and 
water is a reversible reaction : 


Reaction I 


C,H,OH + CH,COOH CH,COOC,H, + H,0. 


Reaction II 
According to the law of mass action, the velocity of the reaction proceeding 


toward the right (Reaction I) depends upon the product of the concentrations 
of alcohol and acetic acid. That is: 


V, « [C,H,OH] x [CH,COOH] 


where V, represents the velocity of Reaction I. Therefore, 


V, = k, x [C,H,OH] x [CH,COOH] 


where k, is a constant. 

In a similar manner Reaction II proceeds at a velocity V, which is propor- 
tional to the concentrations of ethyl acetate and water; that is, 

V, « [CH,COOC,H,] x [H;0] 
and also 
V, = k, x [CH,COOC,H,] x [H;0] 

where k. is another constant. Now, at equilibrium, Reaction I must necessarily 
proceed at the same rate as Reaction II, otherwise it would not be in equilibrium, 


and 
Vie Ve .0r 


k, x [C,H,OH] x [CH,COOH] = k, x [CH,COOC;H,] x [H,0] 


and, by algebraic division, we arrive at 


[CH,COOC,H,] x [H:0] fb Sk 


[CG,H,OH] x [CH,COOH] ne ie 
21 


equil. 
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The new constant, K, is the equilibrium constant of the reaction, This con- 
stant will always be the same for a given reaction after equilibrium has been 
established, no matter what the proportion of the reactants may have been at the 
start. There will, of course, be a different constant for every reaction and the 
constant varies with temperature and pressure. Here we are interested mainly 
in the electrolytic dissociation constants. 

If Kx is always the same for this reaction at equilibrium, then if the 
equilibrium is upset by adding or removing any of the four reacting substances, 
the system will tend to balance these substances until a new equilibrium is 
reached and K is reconstituted. I*or example, if more ethyl alcohol is added, 
more of it will combine with acetic acid to form more ethyl acetate and water. 

To make the equation more general, we may say that for the reversible 


reaction 
aA +- bB =S cC + aD. 


Using the same symbols as on the preceding page, 


V3; = pA} +f 
Sid Va SS Ola PDFS 
At equilibrium, 
k,[A]* x .[B]*> a BR C]* x arnt 
LOIS" LPs k, 3 
TAS TB ie ce 


HYDROGEN ION AND HYDROXYL ION CONCENTRATION 


Pure water is only very slightly dissociated. There is, however, a certain 
definite concentration of hydrogen ions, which, though small, must be balanced 
by the same concentration of hydroxyl ions. This state of affairs is reflected 
in the low but measurable conductivity of water. The dissociation of water 
may be represented by the following equation : 


[HOH] = [H*] + [OH-] 


[H-] x [OH-] 


and, therefore, ~. (HOH. > Ce 


In this equation the denominator, undissociated water, is extremely large 
When compared with the nume 


The analogy may be drawn betw 
when in mid-ocean. T 
great moment, even th 


rator and may be considered a constant. 
een this and a ship which has sprung a leak 
he amount of water pouring into the ship’s hull is of 
tee, i ough it 1s an infinitesmal part of the ocean, which to 
on ae S an purposes remains constant. Here the numerator is the volume 
vater passing into the ship and th i i 
e denom . 
ae nator is the constant ocean; there- 
[H*] x [OH-| 
gee SL ere 
Ke ar eae 


[H*] x (OH-] = K,K, = k, 
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K,, the dissociation constant for water, is, as would be expected, an ex- 
tremely small value. It has been determined to be 0.000,000,000,000,01, or 
1/100,000,000,000,000 or 1/10" at 25° C.; that is, | 


[H+] x [OH-] = Ky = 1/10" = 1 x 10" 


But, in pure water, the concentration of hydrogen ions must equal that of 
hydroxy] ions; therefore, since [H*] = [OH-], it ean be substituted for [OH]. 


PS eat 1 Or, | eh [ore x 
and taking the square root of both sides of the equation, 
[H+] = 1 x 107. 


That is, the hydrogen ion concentration of water is 1 x 10-7 grams per liter, 
or 1/10,000,000 grams per liter. Hither of these methods of expression is un- 
wieldy and consequently Sérensen suggested that the negative exponent with 
its sign changed to positive be used and be termed ‘‘pH.’’ Another way of 
stating this is 

pH = -log,,[H*]. 


The pH of water, or neutrality, then is 7.0. If acid is added to water, the con- 
centration of hydrogen ions, of course, will increase, and instead of 1/10,000,000 
grams of H* per liter, there would be a greater value with a smaller denomina- 
tor. The pH of acidic solutions, accordingly, is less than 7.0, and that of 
alkaline solutions is greater than 7.0. Using HCl and NaOH solutions as 
examples, and assuming complete ionization, the relationship of acidity and 
alkalinity to pI and to pOI is shown in Table II. (In practice, pOH is seldom 
referred to.) 
TABLE II 
RELATIONSHIP OF AcIDITY AND ALKALINITY TO PH AND POH 
Se 
OH 


NORMALITY* pH P 
0.1 N HCl ] 13 
0.01 N HCl 2 12 
0.001 N HCl 3 Acidity 11, 
0.0001 N HCl 4 10 
0.00001 N HCl 5 9 

6 

7 


0.000001 N HCl 
0.0000001 N (= water) Neutrality 


0.000001 N NaOH 8 6 
0.00001 N NaOH 9 5 
0.0001 N NaOH 10 Alkalinity 4 
0.001 N NaOH 11 3 
0.01 N NaOH 12 2 
0.1 N NaOH 13 1 
*A normal solution is one which contains 1 gram equivalent of the substance per liter. 


For further discussion, see under Titratable Acidity. 


Examples of the conversion of hydrogen ion concentration to pH and 


vice versa are the following: 


A. Given the hydrogen ion concentration, [H*], 0.00634M ; to find the pH. 
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o Md . te 
It is first convenient to express the concentration of hydrogen (0 
ipli sal r in- 

hydronium) ions as a whole number multiplied by 10 raised to the powe 


licated. Thus 
[H+] = 0.00634M — 6.34 x TOs 


Since pH = -log,)|H*], and [H*] is the molar concentration, the logarithm 
must first be obtained. 


Log [H*] = log(6.34 x 10°*) = log 6.34 + log 10° 
= 0.8021 + (-3) = -2.1979 


To get the —log, multiply both sides of the equation by —1.0. 
-log [H*] — pH = 2.20 (pH is never expressed beyond the second decimal) 


B. Given the pH, 2.20; to determine the [H*]. 
1 


By definition pH — log[H*] == log [OF] 
(1) and [H*].—= 1072 
From (1) bi | cee 10 
or |] 102" x 10%" 
casa. 0:* 
log x = 0.8 
xe TOro 


Therefore,. [H*] 6.31 x10-*° or 0.00631M. 


Hydrogen ion concentrations are determined either by electrometric 
methods or by the use of standard buffers and indicators. A description of 
the electrometric methods is beyond the scope of this volume. However, it 
should be pointed out that the instruments have been skillfully developed and 
simplified to such a degree that pH determinations of great accuracy may 
now be made in a few minutes. For an understanding of the indicator method, 
there must first be a brief discussion of buffers, which are of interest also from 
the physiological viewpoint. 


Buffers 


A buffer solution is one which tends to maintain a constant hydrogen ion 
concentration when acid or alkali is added to it. A buffer system usually 
consists of a weakly dissociated acid and the salt of that acid, or a weak base 
and its salt. For example, carbonic acid and sodium bicarbonate constitute 
a buffer system. If acid is added to NaHCoO,, the following reaction occurs: 


NaHCO, + HCl -> NaCl + H.Co,, 


A strong acid, HCl, which might be expected to raise the hydrogen ion econ- 
centration, reacts with a weak base in such a way as to yield a weak acid, H,CO,, 


and a neutral salt. The hydrogen ion concentration ha i 
s not been raised appre- 
ciably. Also,.if NaOH is added to NaH,PO,, Z 


NaOH + NaH,PO, = Na,HPO, + HO, 


‘ogen phosphate buffers the strong alkali by yield- 
ing bs Wa alkaline disodium hydrogen phosphate, Again the mee es 
concentration has not been changed ver i 
y much. In the first Instance, the buff 
! | ib ; er 
system or buffer pair H,CO, and NaHCo, results and the H,CO, is effective in 
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buffering alkalis. In the second i 

buffer pair, also effective in oad aye eter ig Cee. 
g ction. Both of these systems 

and several others as well, operate in the body to prevent marked changes oh 

hydrogen ion concentration from taking place, and they are “see ef- 

ficient. 

In such systems it is evident that the ‘‘common ion effect’’ is operative. 
That is, if one adds to a weak electrolyte a strong electrolyte having an ion in 
common with the weak electrolyte, the ionization of the weak electrolyte is 
diminished, and the concentration of the ion not in common is also lessened. 
For example, if sodium acetate is added to acetic acid, the ionization of the 
acid will be repressed, resulting in a decreased [H*]. 

AG =H = “AG: 





HAS. a ys Ac 


t 


Add NaAe, =. Nat: 4+ Ac 


The addition of the acetate ion (from the sodium acetate) which is in common 
with the acetate ion from the acetic acid tends to drive the equilibrium to the 
left. As a result, the concentration of hydrogen ion is decreased by recom- 
bination with the acetate ion to form undissociated acetic acid. 

The hydrogen ion concentration of most body fluids and secretions is on the 
alkaline side. Urine may be acid and gastric juice is very acid, but these are 
exceptions. Many influences tend to change this alkalinity, but the buffers 
present prevent marked fluctuations in hydrogen ion concentration. The pH 
of blood, for example, stays within the limits 7.3 to 7 5 in health. When these 
limits are exceeded, we have a condition of acidosis or alkalosis with alarming 
symptoms and, frequently, dire results. In Table III are given some of the 
pH values for various human fluids. 


TABLE IIT 


PH VALUES oF HUMAN Bopy FLUIDS AND SECRETIONS 


oe... 


Seen eee 
Blood 7.4 Pancreatic juice 8.0 
Milk 6.6-6.9 Intestinal juice (e 
Bile 7.8 Cerebrospinal fluid 7.4 
Urine 6.0 Saliva 7.2 
Gastric juice 0.87 Aqueous humor of eye 7.2 


(parietal secretion ) : 


It is quite difficult to keep a solution at constant pH if no buffer is present 
because of the influence of the CO, of the air or the alkali of the glass container 
or because of other influences. Consequently, buffers are frequently required. 
Various mixtures have been prepared consisting of definite amounts of the acid, 
or base and its respective salt. Some of these sets of buffer systems are shown 
in the appendix. Since such buffer sets maintain their pH indefinitely, they are 


used in the indicator method of determining pH. 


Indicators 


An indicator is a weakly ionized acid or base, having one color in the 
un-ionized state and another when ionized. If the indicator is a weak acid and 
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is, let us say, red when undissociated and blue when dissociated, it will be red 
when distinctly acid and blue when distinctly alkaline, since the alkaline salts 
of a weak acid are highly dissociated in solutions. At some point in between— 
which is a different pII for each indicator—half the indicator will be present in 
acid form and half as the alkaline salt. At this pH this indicator will be purple. 
There will accordingly be a range of color changes on each side of this mid-point, 
and each gradation of color will correspond to a different pH. The more acid, 
the more red and less blue; the more alkaline, the more blue and less red. 





If we represent this indicator as HInd, since it is a weakly dissociated acid, the re- 
action would be a reversible one: 


Hilndt == SE sind. 


According to the law of mass action, we then have 


[H*] [Ind"] E 
[ HInd] me 

K is the dissociation constant of this indicator. Since this is a weak acid, the [H*] and 
[Ind-] must necessarily be small. If, now, a strong acid is added, the [H*] becomes much 
greater and the denominator, [HInd], must increase to keep K constant. This is why it 
will be less dissociated on the acid side of this indicator. On the alkaline side, the reverse oc- 
curs because the [Ht] decreases and the undissociated [HInd] likewise must decrease to 
keep K constant; that is, the undissociated acid diminishes in concentration and the [Ind-] 
increases, thus intensifying the alkaline color. 


Indicator Method of Determining Hydrogen Ion Concentration 


Since buffer mixtures of definite and constant pH are available, they can 
be used as standards to which the indicators are added. The colors so produced 
will be definite for a given pH with a given indicator. Unknown solutions then 
may be treated with the indicator chosen and the color compared with the 

















TABLE IV 
INDICATORS 
INDICATOR pH RANGE COLOR CHANGE 
Acid cresol red 0.2- 1.8 Red-yellow 
Thymol blue (acid range) 1,2- 2.8 Red-yellow 
Dimethylaminoazobenzene 2.9- 4.0 Red-yellow 
Bromphenol blue 3.0- 4.6 Yellow-blu 
Congo red 3.0- 5.0 Bl d ; 
Methyl orange 3.1. 4.4 O ofl d-yell 
Bromcresol green 4.0- 5.6 Yellow-blu Rete! 
Methyl red 4.2- 6.3 Reakyallos 
Litmus 4.5- 8.3 Betas 
Alizarin red 5.0- 6.8 pies 
Bromeresol purple 5,4- 7.0 palit 
Bromthymol blue 6.0- 7.6 RL aot ie 
Phenol red 6.6 8. cus 
Neutral red 6.8. By gtk Sa 
Cresol red 79. ie Bo oar 
Metacresol purple vite i Mh epi ia 
Thymol blue (alkaline range ) 8.9. = ae 
Phenolphthalein ee Xellow-phie 
Alizarin yellow a eres Colorleas-red 
Tropaeolin O 10.0-12.0 Colorless-yellow 
Kosi iiie 111-127 Yellow-orange 
12.0-13.6 Red-blue 
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colored buffer standards. The various indicators have a comparatively narrow 
range of color change, and preliminary tests with indicator papers or rough 
tests with several indicators or with a ‘‘universal indicator’’ may be necessary 
before the actual determination is made. Definite quantities of the unknown 
and of each of a series of buffers are treated with a certain amount of the 
indicator. The buffers usually comprise a series having differences of 0.1 pH 
from each other. Thus a graded series of colors is obtained and the unknown 
solution has the pH of the one it matches most closely. A set of useful indicators 
with their pH ranges and color changes is given in Table IV. 


The Henderson-Hasselbalch Equation.—Approximate values of the pH of buffer solu- 
tions may be calculated if the composition of the mixture, as well as the ionization constant of 
the weak electrolyte is known; for example, in the case of acetic acid, 


HAc — Ht -sAc-, 
[H*] x [Ac] 
[HAc] = Kus 


HA 
fey DS EY Lil i eT 


In a mixture of the acid and its salt, say NaAc, most of the acid is un-ionized. Consequently 
the [HAc] is about the same as the total acid concentration and [H*] would be extremely 
small. Also, since the salt is completely ionized, the value [Ac”] is approximately equal to the 
total salt concentration. Therefore, for approximate calculation, the equation may be writ- 
ten as follows: 


Acid Acid , 
= 7 to make the equation applicable to other salts and acids. 


LE] = Kae gate io" S Salt 


Taking the negative logarithm of this, 
[Acid ] 
-log [Ht] = -log { K x [Salt] 


[ Acid ] 
= -log K + | -log [Salt] é 


Since —log [H*] is called pH, we may call —log K by the term pK; therefore, 


[Salt] 
pH = pK + log [Acid] ° 


That is, the pH of a buffer solution is determined by the logarithm of the ratio of salt to 
acid and by the pK (i.e., the negative logarithm of the ionization constant of the acid). 
This last equation is known as the Henderson-Hasselbalch equation. 

It finds many uses in chemical calculations. Examples follow: 

(1) To caleulate the pH of a buffer solution which contains 0.1 mole of sodium acetate 


and 0.1 mole of acetic acid at 25° C. Ky, = 1S ee L0> 
[Salt ] 
pH = pK, + log [Acid] 
pK, = - log K, => - log (1.8 x 10°) 


= = {log 1.8 + (-5)) = 4.74 


[0.1] 
pH =-¢&14,4 log [0.1] 


Since log 1 —90, pH = 4.74 
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(2) To caleulate the pH of two solutions, one of which is unbuffered and the other 
buffered, before and after adding the same amount of a strong hase to each. 
(a) Given a solution of HCl, the concentration of which is 0.0001 molar; to de- 
termine the pH. 


[H+] — 0.0001 — 1 x 10+ 
pH = 4.0 


Now add 0.0001 moles of NaOH. To determine the pH after this addition. 
Since the NaOH added exactly neutralizes the acid present, 


pH = 7.0. 


(b) Given the buffered solution of (1), containing 0.1 mole of sodium acetate 
and 0.1 mole of acetic acid, with a pH of 4.74. To caleulate the pH after 
adding the same amount of NaOH; namely, 0.0001 mole. 


0.1 + 0.0001 
pH = 4.74 + log 0.1 — 0.0001 


(Because there has been added 0.0001 mole of salt [numerator] and the same 
amount of acid has been subtracted [denominator ].) 


0.1001 : 
pH = 4.74 + log 0.0999. = 4.74 + log 0.1001 — log 0.0999 


= 4.74.+ 0.0008, or 4.74 


These calculations (2a and 2b) show also the resistance of a buffer to a change in the 
pH. A small quantity of base, added to an unbuffered solution, produces a change of three 
pH units, whereas an equivalent amount of base added to a buffered solution causes an 
insignificant change. 


Titratable Acidity 


Indicators are used also in the determination of titratable acidity or 
alkalinity. Titratable acidity is total acidity, or total potential acidity. On 
the other hand, the hydrogen ion concentration might be termed the true acidity. 
Let us consider two different acids, hydrochloric and acetic, having the same 
normality. By normality is meant the concentration as related to that of a 
normal solution, and a normal solution is one containing 1 gram equivalent of a 
substance per liter of solution. For example, a normal solution of HCl is one 
Which will contain 86 grams of HC] per liter; i.e., one which contains 1 gram 
of hydrogen per liter. A normal NaOH solution contains 40 grams of NaOH 
per liter ; i.e., a solution which wil] combine with one gram of hydrogen ion per 
liter. Similarly a normal acetie acid solution has 60 grams of acetic acid per 
liter of solution. In the case of divalent, trivalent, ete., acids. bases and salts 
one must divide the molecular weight by 2, 3, ete., respectively . 


Now, if we wish to combine a gram equivalent weight of NaOH with either 


HCl or CH,COOH, we find, of course i 
? , ; th , . ty or 7 . 
of either of these acids. at it requires a gram equivalent weight 


NaOH + HG os NaCl +  H.O 
40 gm. 36 gm. 58 gm. 18 gm. 
NaOH 4+ CH,COOH -> CH;,COONa + H O 
40 Gm. 60 Gm. 82 Gm. 18 Gai 
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If, now, the 40 grams of NaOH in each ease are dissolved and diluted to 1 liter 
and the 36 grams of HCl and 60 grams of CH,COOH are each dissolved in 
sufficient water to make 1 liter, we have made up normal solutions of each. One 
liter of the Normal HCl will neutralize 1 liter of Normal NaOH, and 1 liter 
of Normal CH,COOH will neutralize 1 liter of Normal NaOH. Thus Normal 
or N/1 HCl is equivalent to N/1 CH,COOH because each is potentially capable 
of yielding the same amount, namely, 1 gram of hydrogen ions. The acetic acid 
is not nearly as strong an acid as the hydrochloric acid; that is, it is not as 
greatly dissociated as HCl. However, if one adds NaOH to it (the N/1 NaOH, 
for example), little by little, the small number of hydrogen ions is neutralized 
by the base and more and more acid dissociates until finally all the hydrogen 
ions have been displaced. This process is known as titration. A Normal (N/1), 
tenth Normal (N/10), ete., solution of any acid then is equivalent to any other 
N/1, N/10, ete., acid, volume for volume. Again, an N/10 NaOH solution will 
neutralize an N/10 acid, volume for volume. 

The stoichiometric point in an acid-base titration is the point at which an 
equivalent amount of base has been added to the acid. The end point of such a 
titration, however, will not necessarily be at a pH of 7.0. This will depend 
upon the salt formed by the reaction. Obviously we are interested in the pH of 
‘the solution at the point at which the maximum amount of salt is present. In 
titrating HCl with NaOH, it will be the exact point at which all of the chloride 
ion is balanced by the sodium ion and we have a solution of NaCl. Since this is 
a neutral salt with no buffering action, many different indicators may be used 
to tell the end point, since one additional droplet of alkali above the equivalent 
amount will cause a great change in the pH. However, in titrating a weak 
acid, like acetic acid, with a strong base, like NaOH, the salt formed at the 
stoichiometric point will be sodium acetate, which has an alkaline reaction. 
This is seen from the following reaction generally referred to as hydrolysis: 


CH,COONa = Nat + CH,COO- 


Bie We + ba ba 
| 1 
NaOH CH,COOH 


That is, as sodium acetate dissociates in the presence of water, the strong 
basie reaction overbalances the weak acidic one. Therefore, in this titration an 
indicator which changes at an alkaline pH; e.g., phenolphthalein, must be used. 
Similarly, in titrating a weak base such as ammonium hydroxide with a strong 
acid such as hydrochloric acid, we finally get ammonium chloride at the stoichio- 
metric point. This has an acid reaction and requires an indicator which changes 
on the acid side, such as methyl red. 


NH,C]l =— Nd,’ + Cl 
HOn.—. On ee = Ny 


Ponsa 


NH,OH HCl 
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THE COLLOIDAL STATE 


In 1861, Graham classified all substances into two categories, depending on 
their ability to pass through parchment and similar membranes. Since those 
substances which diffused readily were those which easily crystallized, such as 
copper sulfate, sucrose, etc., he designated them ‘‘erystalloids.”’ Those which 
did not pass through, e.g., gelatin, starch paste, glue, ete., were considered to be 
nonerystallizable and were called ‘‘colloids,’’? from the Greek word meaning 
‘‘olue.’? These terms continue to be used, although we now are able to erystal- 
lize many of the colloids, and the ecrystalloids can be converted to a colloidal 
form. The modern conception of these differences is based on the size of the 
particles dispersed in the water or other medium. Colloidal particles are large; 
they cannot pass through the pores of ordinary parchment or collodion mem- 
branes. However, they are not large enough to settle out by gravity, as suspen- 
sions are, or to float at the top of the medium, as imperfect emulsions do. In 
true solutions, so-called ecrystalloidal solutions, the mixture is homogeneous; the 
constituents are present in the molecular or ionic state and are uniformly dis- 
tributed throughout and among the molecules of water or other solvent. Col- 
loidal systems are heterogeneous, that is, there are two ‘‘phases’’—the finely 
divided particles and the medium in which they find themselves. By ‘‘phase”’ 
is meant a physically distinct portion of matter. The particles are called the 
dispersed phase and the medium, usually a fluid, is the dispersion medium. Both 
phases may be solids, liquids, or gases, with a single exception, which is that it 
is not possible to have a colloidal dispersion of a gas in a gas. Smoke is a solid 
dispersed in a gas, fog is a liquid dispersed in a gas, and froths and foams are 
gases dispersed in liquids. We are more concerned with liquids dispersed in 
liquids, liquids dispersed in solids, and solids dispersed in liquids. 


The size of the particles in colloidal systems is generally stated to be from 
1 millimicron (1 mp) to 100 millimicrons, but it must be understood that it is 
not possible to set arbitrary limits at either end. In fact, the tendency is 
to place the upper limit somewhat higher, at say 500 mp (0.5 »). One milli- 
micron is one one-millionth of a millimeter (0.000,001 mm.). Particles having 
smaller diameters than 1 mp are molecular or ionic, and if much above 100-500 
mp, they are coarse enough to settle out. The smallest colloidal particles 
therefore, are but little larger than erystalloidal molecules, and the dt est 
ones are nearly the size of the particles in a suspension. 


Colloidal particles may be removed from the dispersion medium by forcing 
the fluid, under pressure, through an appropriate membrane. This is termed 
ultrafiltration. By using membranes of varying porosity, it x possible to sepa 
rate different colloids from each other and to estimate the sine of colloid parti Ie ; 
A colloid particle is often termed a ‘“miecelle.”’ See 
Se nee is another method of removing colloid particles. By 
a ee § at a very high speed, the dispersed phase may be separated from 

dispersion medium. Substances in true solution cannot be separated from 
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A simpler method than any of those described is dialysis. This will be 
discussed later in this chapter. 


Types of Colloids 


Colloids may be grouped into two main classes, depending on their ability 
to take up the dispersion medium. The lyophilic colloids (emulsoids) have a 
great attraction for the dispersion medium; in facet, each particle has a layer 
of the dispersion medium surrounding it. The lyophobic colloids (suspensoids ) 
contain no such layer. The names are quite descriptive, lyophilic meaning 
solvent-loving and lyophobie meaning solvent-hating. The lyophilie colloids 
include starch, egg albumin, blood proteins, soap, and gelatin. This is 
the more important type physiologically. Examples of the lyophobie col- 
loids are the colloidal metals, such as gold, silver, platinum, ete. Both 
types exist in the fluid state as sols. Many lyophilic colloids form semi- 
solid gels. A well-known example is gelatin, which, when dilute, is fluid. When 
a-moderately high concentration is allowed to stand, it sets into a jelly or gel. 
This gel may be converted into its sol by warming and, on cooling, it may again 
gel; that is, the change from a sol to a gel is frequently reversible. However, 
this is not always the case, as we shall see when we study coagulation and de- 
naturation of proteins. When a gel forms, apparently long chains of mole- 
ecules of the colloid interlace and entrap the fluid by capillary forces. The 
gel then is really a liquid dispersed in a solid. 

Some sol-gel transformations take place at constant temperatures. For 
instanee, if a colloidal iron oxide sol is allowed to stand quietly, it will set into 
a gel. Upon shaking, a sol is reformed. This phenomenon is known as 
‘‘thixotropy.’’ Protoplasm is said to have thixotropie properties. | 

Preparation of Colloidal Solutions.—Various organic compounds, such as 
gelatin, starch, and soaps, form sols or colloidal solutions, as they are fre- 
quently called, simply when added to water. Other colloidal solutions may 
be formed by chemical reaction. For example, the reduction of gold chloride 
yields the lyophobie colloid, colloidal gold. Mechanical grinding in a colloid 
_ mill may also be used to reduce a substance to such a fine state that it may 
readily be dispersed in colloidal form. The dispersal of any solid into the ecol- 
loidal state is called ‘‘peptization.’’ For example, the dispersal of gelatin in 
water is known as its peptization and water is the peptizing agent, but of 
course other liquids or solutes may also be peptizing agents. 


Electrical Charges on Colloids 


Dispersed colloidal particles carry electrical charges, the dispersion 
medium carrying the opposite charge. Colloidal gold particles carry neg- 
ative charges, the positive charge being in the water adjacent to them. Since 
bodies carrying like charges repel each other, this serves to keep the colloids 
dispersed and. is one of the factors which make for the stability of a colloidal 
system. If an electric current is sent through a colloidal system, the col- 
loid will pass to the anode if it is electronegative or to the cathode if it is 
electropositive. This is called cataphoresis. Furthermore, a colloid may 
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be precipitated by adding a colloid of opposite charge, thereby neutralizing the 
charge and upsetting the stability of the dispersed substance. Bis few examples 
of positively and negatively charged colloids of both the lyophilie and lyophobie 
classes are as follows: _ 


LYOPHILIC LYOPHOBIC 
Proteins in neutral or alkaline solution (-) lee (-) (-) 
ins i id solution (+ atinum (- : 
ia 7a) aCe cz Stannic oxide (dispersed by HCl) (+) 
Soaps (-) Sols of metallic oxides and hydroxides and 
Aluminum hydroxide (+) basic dyestuffs (usually +) 


Gum acacia (—) 


Under certain conditions the phenomenon of coacervation may be observed. 
When two lyophilie colloids of opposite electric charge are mixed, they may 
not precipitate or flocculate in the ordinary sense, but because of the hydra- 
tion shell on each, they may form microscopic droplets. These droplets, after 
a while, may coalesce to form a viscous, fluid layer. This is a coacervate. It 
contains the two colloids which are held apart by the hydration shells, and 
each colloid retains its own electric charge. Therefore, if the pH is changed 
or an electrolyte is added to a coacervate, it may again form a sol of the origi- 
nal lyophilic colloids. Many phases of protoplasm are believed to be co- 
acervate in nature. Thus, vacuole formation closely resembles a phenomenon 
seen when complex coacervates are permitted to age. 


Tyndall Effect.—A colloidal solution, such as a dilute starch solution, ap- 
pears slightly cloudy or opalescent to the eye. If a beam of light is passed 
through it, the beam becomes visible as a much cloudier path, particularly if 
viewed against a dark background. This is the Tyndall phenomenon and is the 
same phenomenon that one observes when a beam of sunlight enters a darkened 
room. In this instance the minute particles of dust in the air deflect the light. 
In the case of the colloidal solution, it is the colloidal particles which partly 
diffract the light and diffuse it. By means of an ultramicroscope or a dark-field 
microscope, the Tyndall effect becomes visible in another way. In these instru- 
ments light is sent through a drop of solution in a horizontal direction. Visible 
particles reflect light to the observer’s eye and can be seen as shining objects. 
Invisible particles, such as colloids, may be seen as dancing bright specks. They 
dance and dart in Brownian movement, just as visible particles do. The reason 
is that they are under constant bombardment from molecules of the dispersion 
medium. A large particle is likely to be hit by about the same number of bom- 
barding particles from each side at the same instant. The smaller the particle, 
the less the chance of instantaneous and equal striking from all sides. It will 
move whenever it receives an unequal number of blows from different directions. 

The nephelometer is an instrument which measures the Tyndall effect. 
Substances which form extremely fine precipitates in suspension may be 
estimated quantitatively by means of it. 
th ry cab ea in 
tributed throughout the ea a: ea’ nie ig eollordal particles dis- 

g system, rather than allowing them to settle or rise. The 
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size of the colloidal particle is another factor, since the smaller its size, the more 
closely it approximates molecular dimensions and therefore more fiensie re- 
sembles a true solution. This is not always the case, however, since the lyophobie 
colloids may have extremely small dimensions and they are, in general, less 
stable than the lyophilie colloids. The reason for this is that the SieDSHeCA 
the lyophobes, have little or none of the dispersion medium attached, or aa 
sorbed, to their surfaces, and therefore the particles may approach each other 
closely enough to permit the mass attraction to overcome the repulsion due 
to the electric charge. The lyophilie colloids have a layer of the fluid adsorbed 
which makes them more stable, because this keeps them farther apart. The 
electric charge present on the colloid, as a stabilizing factor, has already been 
discussed. 

Any procedure which tends to diminish the effect of one or more of the 
stabilizing factors will tend to precipitate the colloid. Thus, as said before, 
the addition of another colloid of opposite electrical charge will do so. In the 
ease of the lyophobie colloids, a small amount of electrolyte accomplishes this 
by also neutralizing the charge. This does not occur in the case of the lyophilic 
colloids, but large amounts of electrolytes will precipitate them. Probably this 
effect, ‘‘salting out,’’ occurs as the result of dehydrating the surface layer of 
fluid. Furthermore, violent agitation, freezing and thawing, heating, all can 
‘‘break’’ colloidal solutions by modifying one or more of the stabilizing factors. 


Although lyophobie colloids may be precipitated by the addition of small 
amounts of electrolytes, this may be hindered by the presence of small quan- 
tities of a lyophilic colloid. This ‘‘protective’’ action is believed to be accom- 
plished by the adsorption of the lyophilic colloid onto the surface of the lyo- 
phobie colloid, thereby preventing the electrolyte from easily reaching it. It 
has been thought that the protective action of colloids present in bile and urine 
might be a major reason for the prevention of the precipitation of almost in- 
soluble constituents of these fluids. Conversely, when the protective colloidal 
action is not effective, gallstones and kidney stones result. Lange’s colloidal 
gold test is based on this protective colloidal action. Colloidal gold is a bright 
orange red sol. The addition of normal cerebrospinal fluid does not precipitate 
it. Abnormal cerebrospinal fluid may do so, the result showing in various 
shades, depending upon the degree of precipitation. The test is performed un- 
der exact quantitative conditions, and curves are obtained which are indicative 
of pathological states (see Chapter 8). 


Surface Reactions of Colloids 


The dispersed phase of a colloid differs from a suspension of solid matter 
in that the colloid is subdivided into very much smaller particles. It is apparent 
that each suspended particle has a surface. Similarly, each colloidal particle 
has surface, and although each particle is far smaller than a unit of a suspension, 
the number will be much greater for the same weight and therefore the total area 
of surface will be greater. This can be illustrated by a simple example. A cube 
of any material 1 em. on a side has a surface area of 6 x 1 em.?, or 6 em.” If 
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it is divided into eight cubes, each edge measuring 14 em., the total area will be 
1% em. x 4 em. x 6 sides x 8 cubes = 12 cm.? The subdivision of each small 
cube is continued, and the amount of surface is doubled each time each cube is 
cut into eight smaller ones. Eventually, when the cubes are down to a size com- 
parable with colloidal dimensions, i.e., 100 mp on a side, the total of all the tiny 
cubes will be 600,000 em.?, that is, 100,000 times the original surface area, pro- 
duced by simply subdividing the cube. This indicates the enormous area pre- 
sented by the surfaces of colloid particles. Upon these surfaces substances 
present in solution may be adsorbed and become concentrated. Adsorption is 
~the phenomenon in which there is condensed upon a surface a layer of ions, 
molecules, or aggregates of molecules that are present in the medium with which 
it is in contact. The amount of adsorption depends upon the extent of surface 
exposed and the specific nature of the surface and of the substance adsorbed 
upon it. Furthermore, the degree of adsorption is increased by a rise in pres- 
sure and is diminished by a rise in temperature. Many physiological phenomena 
are surface reactions. The enzymes, which catalyze so many reactions of the 
body, probably act through surface forces, They are colloids and the substances 
they act upon are probably adsorbed by them as a first step in the chemical action 
which is brought about. 


Surface Tension 


The surface of a liquid behaves as if it were a stretched elastie film. This 
is due to the unbalanced attraction of the molecules to each other. According 
to Laplace, the molecules of a solution are strongly attracted to each other, 
but only over a very short distance. It is probably greatest at a distance equal 
to about the diameter of a molecule. Fig. 1 illustrates and explains this 
phenomenon. Molecules (, D, EF, and F are not at the surface and are 
attracted equally in all directions. They are therefore able to move freely 
in all directions. Molecules A and B, however, are at the surface (XY) 
and are not attracted upward because of the absence of molecules of the 
fluid above the surface. Consequently they tend to be drawn downward and 
pulled sideward, and the layer of surface molecules is thereby stretched. The 
effect of this ‘‘film’’ is seen in the tendency of drops of water and mereury and 
soap bubbles to assume a spherical form because of this cohesive pull sideward 
and inward. This phenomenon occurs at any surface or ‘‘interface’’ which 
separates a liquid from air or other gases or which separates one liquid from an- 
other. This explanation is a simplification of this phenomenon; there are other 
forces involved than that of attraction, 
oe eg aa ee a number of ways, perhaps most con- 
eapillary tube ending peeastine a measu od ee aa we ae 
by drop. The number of drops il a 2 eS See a ee 
turn, varies with the surface tension ie bs F's ae Che 

é sion. comparison with the number of drops 
: is water permits one to caleulate the surface tension of the solution. Sur- 
For very tonmte work arc ee eters centimeter or dynes per centimeter 

g precautions of cleanliness must be taken, since 
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small] amounts of some substances alter the surface tension materially. Soaps, 
oils, proteins, and salts of the bile acids reduce the surface tension of atte 
while sodium chloride tends to increase it. These and similar effects aid in ahi 
plaining some physiological actions; for example, fat digestion and absorption. 
Substances which reduce surface tension accumulate in the surface film and are 
said to be adsorbed, whereas the reverse is true of those which increase it. There 
is a stalagmometrie method for the determination of bile acids in bile, which has 
been used as a liver function test, based on the fact that an important function 
of the liver is the secretion of bile acids. 





Fig. 1.—Diagram to explain surface tension. Molecules A and B are at the surface 
and are not attracted upward because of the absence of molecules above them. Consequently 
they tend to be drawn downward and sideward, and the layer of molecules at the surface 
is thus stretched. Molecules C, D, H, and F are not at the surface and are attracted equally 
in all directions. : 


Gas Laws 


Since substances in solution behave like gases in some respects, it is neces- 
sary at this point to remind the student of the gas laws. 
1. Boyle’s Law. At a constant temperature the pressure is inversely pro- 


portional to the volume. 

2. Gay-Lussac’s or Charles’ Law. With constant pressure, the volume will 
increase 1/273 for every degree rise in temperature above 0° C. 

3. Avogadro’s Law. At the same temperature and pressure, molecular 
weights of all gases occupy the same volume. 

4. Henry’s Law. The amount of gas which a liquid will dissolve is directly 
proportional to the pressure of the gas in contact with it. This holds only 
for gases which do not react chemically with the solvent. It is especially im- 
portant in connection with changes in atmospheric pressure. 

The amount of nitrogen which blood plasma and other body fluids will dis- 
solve will increase as atmospheric pressure inereases. Consider, for example, 
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the case of a deep-sea diver. During descent he is subjected to air pare 
pressure. The nitrogen does not enter into any chemical reactions ae ee 
cordance with Henry’s law, goes into solution in the aqueous media 0 the bo z 
As the diver rises to the surface, the pressure will decrease and nitrogen wi 
come out of solution in bubble form. These nitrogen bubbles may wes i | 
capillaries or in nervous tissue and result in decidedly Bee ae ° ects. 
The same may take place as an aviator rises from the comparatively hig Meir’ 
sure on the earth’s surface to the low pressures up above the surface. This is 
major problems of military medicine. 

oo e ee Tish. The pressure exerted by a mixture of gases is equal to 
the sum of the separate pressures which each gas would exert if it alone oc- 
cupied the whole volume. This law is referred to in explaining respiratory phe- 
nomena. ae 

6. Graham’s Law. The rate, or speed, of diffusion of a gas is inversely 
proportional to the square root of its density. Since the density of a gas is 
directly proportional to its molecular weight, it follows that the law may also 
read: The rate of diffusion of a gas is inversely proportional to the square 
root of its molecular weight. 


DIFFUSION, OSMOSIS, AND DIALYSIS 


Diffusion.—If a strong solution of a salt, such as copper sulfate, is placed 
in a glass vessel and a layer of distilled water is carefully poured over it, the 
blue copper sulfate will be seen to pass up gradually into the colorless water 
until finally the entire body of fluid has the same color. This process is called 
diffusion. The velocity with which this occurs depends on the size of the particles 
of the substance in solution. Thus, Prussian blue, being composed of very large 
particles, will diffuse more slowly than the copper sulfate. Higher tempera- 
tures also speed up the process. It should be observed that diffusion involves 
the passage of substances, in true solution or in colloidal solution, through the 
fluid in which they find themselves. In the many fluids of the body, within cells, 
during secretory activity, diffusion must be constantly occurring, 

Osmosis.—Osmosis is the passage of a solvent through a Semipermeable 
membrane. Such a membrane is permeable only to the solvent, not to the solute ; 
i.e., the substance in solution. The classical experiment of Pfeffer illustrates the 
point. He precipitated copper ferrocyanide in the walls of an unglazed porcelain 
jar by filling the jar with potassium ferrocyanide solution after immersing it 
in a solution of copper sulfate. Such a film of copper ferrocyanide permits 
water to pass through but does not allow certain soluble substances; e.g., sugars, 
to do go. Consequently, when such a jar, fitted with a glass tube into which 
the liquid can rise, and filled with sugar solution, is placed in distilled water, 
water will pass through the semipermeable membrane into the sugar solution 
until the column of diluted sugar solution is no longer increased. The pressure 
which would have to be exerted to prevent the rise of the column of sugar 
solution is called the osmotic pressure. 

The osmotic pressure of a solution is directly 


proportional to the eoncentra- 
tion of the solute. Strong salt solutions will h 


ave higher osmotie pressures than 
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weak ones. Therefore, 1 gram of salt dissolved in 100 ml. will have twice the os- 
motic pressure of 1 gram of salt dissolved in 200 ml. In other words, the os- 
motic pressure is inversely proportional to the volume, showing that Boyle’s 
law is applicable to solutions. Similarly, it has been found that the osmotic 
pressure will increase 1/273 for each rise of 1° C. (Gay-Lussae’s law). 
Avogadro’s law also applies to osmotic pressure since all solutions containing 
the same number of dissolved particles will have the same osmotic pressure at 
a constant temperature. That is to say, the osmotic pressure depends on the 
number of particles dispersed in the fluid. This is independent of the nature 
of the particles. Consequently, a given number of ions, undissociated molecules, 
and aggregates of molecules (colloidal particles) in identical volumes of fluid 
will all have the same effect. Since each ion has the same effect as a molecule, 
it is evident that an electrolyte such as sodium chloride, which furnishes two 
ions, will have twice as high an osmotic pressure when completely dissociated as a 
non-ionized substance of the same molecular weight. It is also seen that since 
large aggregates of molecules have the same effect as ions or small molecules, 
colloidal ‘‘solutions’’ will have low osmotic pressures because of the compara- 
tively small number of such particles present. 

Although the osmotic pressure can be determined by the use of such an 
apparatus as is illustrated in Fig. 2, in practice it is measured by indirect 
means. The boiling point of a solvent is raised by the addition of a solute, and 
the freezing point is lowered similarly. The amount of either change is pro- 
portional to the concentration of the particles of the solute and, as we have seen, 
the same holds true for osmotic pressure. 

Solutions which have the same osmotic pressure are said to be isosmotic. 
If a cell is in contact with a solution having the same osmotie pressure as the 
cell contents, the amount of water passing into the cell is balanced by that 
passing out, provided that the cell membrane is impermeable to the solutes. In 
this case the solution is not only isosmotic but also isotonic; that is, the cell 
volume is unchanged; its ‘‘tone’’ is maintained. If the osmotic pressure of a 
solution of the same solutes is greater than that of the cell, it is hyperosmotic 
and is said to be hypertonic, and water will pass from the cell to the solution. 
If it is lower, it is hypo-osmotic and is hypotonic, and water will flow into the 
cell. In a hypertonic solution the cell will shrink, and in a hypotonic solution 
it will swell. We have presupposed in each case that the solutes do not permeate 
the membrane. If, however, one or more of the solutes ean pass through the 
membrane and is not present in the same concentration within the cell, it is evi- 
dent that an isosmotie solution may not be isotonic. Osmotic pressure is not 
the same as tonicity. However, physiologically they are about synonymous, and 
it is found that they usually parallel each other rather closely. 

Thus, 0.9 per cent NaCl solutions are isotonic to human red blood corpus- 
cles, and if the two are in contact the amount of water passing into the cell 
is balanced by that passing out. A solution of lower salt concentration will 
have lower osmotic pressure than the cell. It is hypotonic. If red blood eells 
are immersed in hypotonic solutions, water passes from the more dilute to the 


more concentrated solution (i.e., from the lower to the higher osmotie pres- 
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sure) in so great an amount that the red cells will swell and may even burst. 
Hypertonic solutions will cause water to pass out of the red cells and cause 
them to become shriveled or crenated. Therefore, solutions used for injection 
are made up to be isotonic; otherwise unphysiological effects would be produced 
on the corpuscles. Similarly, whenever cut tissues or viscera are bathed with 
fluid, isotonic solutions are used since they cause less change in the cells with 
which they come in contact. The body adjusts its various fluids to approx- 
imately the same osmotic pressure. For example, the osmotic pressures of 
such extremely divergent types of fluids as blood, hepatic bile, pancreatic 
juice, and lymph collected simultaneously have been found to be practically 


the same (Gilman and Cowgill). 
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See out. By changing the outside fluid frequently, the colloids may be com- 
pletely freed of erystalloids. It is easily seen, however, that since colloids them- 
selves vary in size, some membranes will permit colloids of smaller dimensions 
to pass. 

Membranes in the Animal Body 


Since all cells—plant and animal—are enclosed by membranes, the ques- 
tion naturally arises: Are these membranes semipermeable or permeable, or do 
they behave like filter paper? This cannot be answered categorically since 
the wall of a living cell cannot be compared with an artificial membrane or even 
with a dead biological membrane. Animal membranes do not have the simple 
structure of artificial membranes. It is probable that cell membranes in different 
tissues vary in their permeability. Certainly the cells lining different parts of 
the kidney permit different ions and compounds to pass. Indeed, adjacent por- 
tions of the kidney tubules, for example, exhibit varying properties of this na- 
ture. It is also probable that the same cell wall will change from hour to hour, 
depending upon respiratory and metabolic conditions. It is therefore evident 
that the idea formerly held, that living membranes are impermeable to colloids 
but are permeable to electrolytes, must be modified. 

A remarkable degree of selectivity sometimes is seen in these biological 
migrations. The red blood cell membrane, for example, allows almost no cations 
to pass through but is permeable to anions—a fact important in explaining 
respiratory phenomena. Furthermore, some fat-soluble as well as some water- 
soluble substances pass through the red cell wall. The cell membrane is believed 
to be a mosaic of alternate areas of lipids and proteins which are permeable, re- 
spectively, to fat-soluble and water-soluble materials. However, all the phe. 
nomena pertaining to membranes cannot be explained on the basis of porosity, 
i.e., sieve action, or on the theory of solubility. In some eases the electrical 
charge of the membrane must be taken into account. For example, if the charge 
on red blood cells is reversed the cells become impermeable to anions and per- 
meable to cations. 


Gibbs-Donnan Equilibrium 


If a membrane which permits the passage of erystalloids but not colloids is 
placed between two solutions of a simple electrolyte such as sodium chloride, 
the Nat and Cl- will pass through the membrane until, at equilibrium, the 
product of the concentrations of these two 1lons on one side equals the product 
of their concentrations on the other side. Concentrations such as gram molecules 
per liter are again represented by bracketed symbols. The conditions stated 


may be represented thus: 
[Nat], x [Cl-], = [Na*]: x [Cl]. 

[Nat], means, of course, the concentration of sodium ions on side 1, [Na*], 
its concentration on side 2, ete. Moreover, not only are the products of the 
concentrations the same, but under these conditions the eonecentrations of the 
eations are the same, and also those of anions; that is, 


[Nat], = [Nat]. 
[cl], = [Cr]. 
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Let us assume that in addition to a simple electrolyte, we have on side 1 
the sodium salt of a colloid, NaR, which ean ionize to Na* and R- but that the 
colloid ion is too large to go through the membrane. Now the additional Nat 
may pass through but not the R-. 


Membrane Membrane 
Nat <|—> Nat Nat <|—> Nat 
Cl <l> Cl Cl <|—> Cl 

Nat </|—> 
Nat <|— Na* Ez 
oi <|> uA Nat </— Nat 


Cr </> Cl 

3 4 
As before, chlorine ions may pass back and forth. Finally, equilibrium will 
occur and the question arises as to how this will affect the distribution of the 
diffusible ions. Ags in the first instance, the product of the concentrations of 
the diffusible cation-anion pair on one side will equal the product of the con- 
centrations of the same pair on the other side. (This is derived from thermo- 
dynamics. ) 


(1) [Na*], x [Ol], = [Na*], x [Cr], 


But 
Nat} POL 


This is evident since there is only sodium chloride present on side 4 and there 
can be no more of one ion than the other. Now if we remember that on side 3 
there is a nondiffusible ion R- balancing electrically some of the Nat ions, it is 
evident that 


[Na*], > [CIr},. 


Now, referring to equation (1), if the members of the left side are unequal, 
it 1s clear that the larger value on the left must be larger than either of the 
two on the right (which are equal to each other) and the smaller value on the 
left must be smaller than either one on the right or: 


[Nat], > [Na*], 
[Cl], < [Cl-],. 


We ean therefore see how the presence of a colloidal ion may cause an inequality 
in the distribution of ions on the opposite sides of a membrane. If there are 
y noncolloidal ions present, the state of affairs 


several colloidal ions and man 
becomes exceedingly complex. This is what happens in animal tissues where 


different types of cells, bathed 


differ fundamentally in the chemic , 
ae ? al make-up of e 
tents. This unequal balance of P of their con 


between the solutions on the two sides of the membrane. The phenomenon is 


known as the Gibbs-Donnan equilibri i 
as vs ‘quilibrium after Willard Gibbs and F 
who first studied and explained it. | cee ues 
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Viscosity 


Viscosity is the resistance offered by a fluid to flow. It is due to the internal 
friction of the molecules of a liquid. A solvent is almost always less viscid than a 
solution and considerably less viscid than a colloidal system. Viscosity ordi- 
narily is not expressed in absolute units but is referred to the viscosity of water. 
It is measured by allowing a definite amount of the fluid under consideration 
to flow through a eapillary tube at a definite temperature. The time required 
is compared with that taken by an equal volume of water. With water as unity, 
the normal viscosity of blood serum is about 1.5 to 2.0, while that of plasma, 
which has a higher protein content, is about 20 per cent greater, and whole blood 
has a viscosity of 2.5 to 4.0. These are approximate values for the viscosity of 
normal human blood. When dehydration occurs, as it does in some pathological 
states, the viscosity of whole blood may be three or four times the normal value. 


Emulsions 


Emulsions are dispersions of one liquid in another. If olive oil is shaken 
vigorously in water, it will break up into very small droplets and a yellow 
milky fluid will result. An, emulsion is a heterogeneous system comprising 
two phases, but the dispersed phase consists of larger particles than colloidal 
particles. An emulsion of olive oil and water does not last very long; the oil 
droplets coalesce and soon there is a layer of oil floating on the water. Cer- 
tain substances, among others, soaps, gums, proteins, when added to the 
system, stabilize the emulsion. It is believed that the stabilizing substance 
forms a protective layer around the oil droplets and so prevents them from 
coalescing. With any pair of nonmiscible liquids, two sets of emulsious are 
possible. Thus, with oil and water we may have (1) oil-in-water, and (2) water- 
in-oil. In a general way any emulsifying agent which stabilizes an oil-in-water 
emulsion will be unsatisfactory for the corresponding water-in-oil emulsion and 
vice versa. 

Emulsions occur widely in nature. In fact, protoplasm is probably a mix- 
ture of emulsions, containing colloids in one or both of the phases of many of 
them. Emulsification, of course, increases the surface of the substance emulsi- 
fied. This permits biological reactions, which, as we have said, are frequently 
surface reactions, to take place more readily. For example, one of the functions 
of bile is to aid in the emulsification of fats in the small intestine. By doing 
so, it breaks up these water-insoluble substances into such tiny droplets that 
the digestive agent can very readily attack them. If this were not the case, 
the digestion of the mass of fat would take place extremely slowly. 


Ion Exchange Resins 


Ion exchange is a reversible interchange of ions between a liquid and a 
solid, involving no radical alteration in the structure of the solid. Natural 
products, such as certain sands, peat, and coal, operating on this principle, 
had been used to soften water (see page 81) for many years, but 1t was not 
until 1935 that synthetic resins were employed for this and many other pur- 
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poses. The English scientists Adams and Holmes reasoned that reactive acidic 
or basic groups which were not involved in the condensation of the constitu- 
ents of resins should be free to ionize. If so, they should permit cation or 
anion exchange, as the case may be. 
Cation exchangers are of the following types. 
O COO 
Ke hs 
R:SO,0ONa; R:- ye or R- 
ras ‘ 
O COO 


Mg 


They exchange their cations for others and may be regenerated by treatment 
with a solution containing the original cation. Thus: 


2R:SO,.0Na + Cat* <— (R:SO.0).Ca + 2Na* 


OH O : 
or oR” + Catt <— R,: yen + 2H? 
OH O 


Anion exchangers possess activated amino groups: R-NH.- They function 
by a mechanism not completely understood as yet but which seems to have 
the effect of removing whole molecules of acid in a reversible manner. It may 
be compared to the reaction of an amine and an acid to form a salt. 


R-NH, + HCl <> R-NH.HCI 


Ton exchangers have been used in biochemistry in the analysis of amino 
acids and thiamine and in other ways. Clinically, they have been reecom- 
mended in the determination and in the diminution of gastric acidity and in 
lowering the sodium content of the gastrointestinal tract in the treatment of 
circulatory disorders. (Segal; Spears and Pfeiffer; Kraemer and Lehman. ) 


Chromatography 


The discovery of chromatography is usually attributed to Tswett, a Rus- 
sian botanist, in 1906, although Day, an American, had already used a column 
of limestone for the fractionation of erude petroleum. Tswett effected the 
Separation of plant pigments by filtering a solution of the mixed pigments 
through a tube containing a finely divided solid-absorbing material. The indi- 


vidual pigments settled in separate bands and thus formed a chromatogram or 
pattern of pigments. 


rn! 

_ Each substance adsorbed, called an adsorbate, could be removed, or eluted, 
from the adsorbent. The term ‘chromatography’? is still used for this type of 
Separation, despite the fact that it is no longer limited to colored substances. 
It has now been greatly extended and is widely used in biochemistry as well 
as 1n other branches of chemistry. 

Many different adsorbents are used 
the adsorbates. They include tale, 
paper. Paper chromatography 


and are selected for their affinity for 
asbestos, clays, charcoal, Starches, and filter 
differs somewhat, although the principle is 
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the same. A large sheet of filter paper is treated in one corner with a very 
small amount of the solution to be studied. It is then placed over a glass rod, 
with the edge containing the dried solution dipping into a tray of the desired 
solyent. As the solvent travels up the paper, it takes with it the unknown 
substanees, and they are deposited in spots. These spots may be ‘‘developed’’ 
as colors by suitable chemical treatment. They are identified by running con- 
trols in which known substances are used. Sometimes there is a second run, 
using a different solvent, at right angles, a ‘‘two-dimensional’’ chromatogram, 
which separates spots placed too closely together by the first run for easy 
identification. 


There have been a number of explanations put forth for chromatographic 
phenomena, but none has been generally accepted. Therefore, many controls 
must be run and experimental conditions must be determined and exactly 
followed. This is particularly true if quantitative results are sought. (See 
also page 125.) 
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Chapter 3 
CARBOHYDRATES 


The carbohydrates include the starches, sugars, gums, and tet ge 
are found in nature and many, especially the sugars, have pe ape i 
synthetically. They are composed of carbon, hydrogen, an Hak ve , 
hydrogen and oxygen being present ordinarily in the same Mid ion sae 
are in water. The name carbohydrate indicates this usua eae 5 
Examples of this molecular composition are CsHi005, CoH 20c, an Be wee 
Of course, compounds of quite different types have this proportiona ie ei J 
constitution; e.g., acetic acid and formaldehyde. Henee, this is not a defini io 
A satisfactory definition of carbohydrates is: Polyhydrie alcohols, having 
potentially active aldehyde or ketone groups, and compounds yielding them Ss 
hydrolysis. By hydrolysis is meant the breaking down of a compound by water 
with the addition of water, or its ions, to the products. 

The simplest sugars are glyceric aldehyde and dihydroxyacetone: 


O H 


“ | 
Cr H—C—OH 
H--0n Mie 
| 7, we 
H—C—OH i ; OH 
us H 


Although these simplest sugars do not enter into our dietary, they are formed 
in the body when the more complex carbohydrates are broken down. It is 
evident from the definition and from these two formulas that the simple sugars 
are of two general types, with aldehyde and ketone groups, respectively. Since 
the suffix ‘‘ose’’ is used to designate a sugar, there are, accordingly, aldoses 
and ketoses. 


CLASSIFICATION 


Besides the simple Sugars, there are more complex ones. On hydrolysis, 
the complex carbohydrates yield the simple sugars. The chief classification 
of carbohydrates is based on this relationship : 


A. Monosaccharides, or simple sugars, 

B. Oligosaccharides, those sugars of known molecular structure, which are composed of 
more than one monosaccharide, The disaccharides are composed of two simple 
Sugars. There are also trisaccharides composed of three monosaccharide mole- 
cules. Of this series, only the disaccharides are important. 

C. Polysaccharides, formed by the polymerization of a number of molecules of simple 
Sugars to form one molecule. There are a number of different types of poly- 
saccharides, the main ones beine pentosans, hexosans, and mixed polysaccharides, 


> 
The exact molecular structure of any polysaccharide is not known, 


A. Monosaccharides 

The simple sugars are further classified (1) according t 
aldehyde or ketone derivatives, and (2) according to the 
they contain. Thus there are (1) aldoses and 


o whether they are 
number of carbon atoms 


ketoses and (2). tetroses (4C 
44 
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sugars), pentoses (5C sugars), hexoses (6C sugars), ete. Combining the two. 


we can more accurately describe a simple sugar as a ketopentose, an aldohexose, 
ete. Examples are: 


Trioses : C,H,O; 
glyceraldehyde (an aldotriose) 
dihydroxyacetone (a ketotriose) 

Tetroses : C,H,0, 


erythrose (an aldotetrose) 
erythrulose (a ketotetrose) 


Pentoses: OvA Os 
xylose (an aldopentose) 
xyloketose (a ketopentose) 


Hexoses: C,H1206¢ 
glucose (an aldohexose) 
fructose (a ketohexose) 


Heptoses: G,H.,0; 
mannoheptose (an aldoheptose) 
mannoheptulose (a ketoheptose ) 


B. Disaccharides 


The most common disaccharides are those composed of hexoses, although 
theoretically any two monosaccharides could be joined to form such a compound. 
The most important sugars of this class are saccharose, or sucrose, lactose, and 
maltose. Sucrose yields one molecule of glucose and one of fructose, lactose 
yields glucose and galactose, while maltose gives rise to two molecules of glucose. 


Thus: 
C,2H,0;, + H, — C,H.20, + C.H,20<¢. 


Disaccharide Monosaccharides 


The disaccharides will vary not only in their constituent simple sugars, but 
also in the way in which these simple sugars are linked together. Indeed there 
may be two distinct disaccharides, with different properties, each yielding the 
same two monosaccharides on hydrolysis. An example of such a relationship 
ig sucrose and turanose. Turanose has reducing powers, whereas sucrose has 
not. They have different melting points and are unlike in other respects 
as well. Yet each yields one molecule of glucose and one of fructose on hydrol- 
ysis. The reason for their dissimilarity is that the constituent monosaccharides 


are joined by different linkages. 


C. Polysaccharides 


The polysaccharide group includes the starches, celluloses, and hemi- 
celluloses. It also includes the intermediate products of hydrolysis of the higher 
polysaccharides, i.e., such compounds as the dextrins. There are many of these 
in the vegetable world, and some are to be found in animal tissues. In general 
they hydrolyze thus: 


(CgHyOs)n + nH,O ->  aCeH20¢ 4 
Polysaccharide Monosaccharide 


STRUCTURE OF THE MONOSACCHARIDES 


Most consideration will be given to the structure of glucose. This is the 
chief physiological sugar and will demand attention over and over again. 
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It is necessary to understand its chemistry and its relationship to other physio- 
logical compounds. Glucose is a monosaccharide, a hexose, and an aldose. Its 
molecular formula is C,H,.0,. Its structural formula may be written provision- 
ally as shown below. Similarly xylose, an aldopentose, and fructose, a keto- 
hexose, have the formulas shown. 


O O II 
on ple n—¢_on 
Hb on H¢_OH b—0 
Ho_¢_H Ho_b_H HO_¢_H 
n—b_on H—b_On n—O_OH 
H—6_oOH nb on Hb-on 
1—b_oH | i own 
th i 
Glucose Xylose Fructose 


However, two other physiological aldohexoses are known, namely, galactose 
and mannose, and still others that are not important. Similarly, a number of 
aldopentoses besides xylose, and ketohexoses other than fructose, are known. 
Glucose, galactose, and mannose all have six carbons, five hydroxyls, and an 
aldehyde group in their molecules. Since all differ from one another, they must 
have differences in the arrangement of the groups in the molecule. 


The Asymmetric Carbon 


These differences in arrangement are all based on the fact that all sugars 
possess asymmetric carbon atoms. An asymmetric carbon is a carbon atom 
to which is attached four different atoms or groups. If a carbon atom ean be 





Fig. 3.—Model of an asymmetric carbon atom and its mirror image. 


pictured with four bonds projected into space in four different directions (as 
shown in I’ig. 3) and each joined to a different atom or group, Q, R, Seul eiieis 
evident that a similar but not identical figure can be constructed, which is 
shown next to it. These two figures bear the same relationship to each other 
as that of an object to its mirror image. That they are not identical may 
actually be proved by attempting to superimpose one upon the other. Here 


are two compounds which resemble each other but are different because the 
carbons are asymmetric. The two hypotheti 


isomers, or stereoisomers, The relationshi 
called stereoisomerism ; that is, their isomer 
relationships. Stereoisomers of this partic 


cal compounds shown are geometric 
p exhibited by such compounds is 
ism is explained on a basis of space 
ular type are also called ‘‘optical’’ 
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isomers, because compounds possessing asymmetric carbons have the power of 
turning the plane of a beam of polarized light. 

Ordinary light, vibrating in many planes, is passed through a Nicol prism 
in a polariscope (I‘ig. 4). The light which emerges is plane polarized, i.e., it 
vibrates in one plane. If a solution of an ‘‘optically active’? compound is now 
placed in its path, the plane of the polarized light will be turned. To determine 
the direction and the degree of rotation imparted to the polarized beam, a second 
prism is mounted between the solution and the eye of the observer. This prism 
may then be rotated in the opposite direction to compensate for the twisting 
which the solution has produced. 

Every optically active compound has a corresponding stereoisomer which 
rotates in an exactly opposite manner. Structurally, one is a mirror image of 
the other and if one rotates the plane of polarized light to the right, its mirror 
image will rotate it to the left. Two such stereoisomers are called antipodes. 





ae ea BS 


Fig. 4.—-Diagram of a polariscope. S, Source of light; D, bichromate light filter, giving 
the effect of sodium light; Li, collimator lens, from: which the light emerges as a parallel 
beam, R1, R2, R$; N1, Nicol prism, polarizer; N2, Nicol prism, analyzer—here it is assumed 
that their principal planes are parallel; H, eyepiece with lens L2. 


The courses of two rays are shown. R1 is split into two rays, vibrating in planes at 
right angles to each other. O17 is the “ordinary” ray, vibrating in a plane at right angles to 
the page and is reflected (by the surface AB) and eliminated. The “extraordinary” ray, H1, 
passes out of the polarizer, vibrating in a plane parallel to the page. Similarly, O2 is elimi- 
nated and H2 passes out of the polarizer, vibrating in a plane parallel to that of Nop Re ol 
quartz plate, Q, covering half the field, is here interposed. Actually this covers the left or 
right half, but in the figure it is shown as covering the lower half. @ turns the plane of polar- 
ized light of Hi at a small angle to E2. Both now enter the tube, 7’, which contains the sugar 
solution. Here the planes of both Hi and 2 are again twisted. Now #H1 is vibrating in a 
plane at right angles to the plane of the page, and hence when it enters N2 it becomes elimi- 
nated because the principal planes of Ni and N2 are parallel. Therefore, all the light passing 
through Q will be lost and half the field will appear dark. £2, although turned just as much 
as #1, is vibrating in a different plane from #1 and, therefore, can pass through N2 to a slight 
extent. The analyzer may be rotated and thus permit Hi and H2 to pass through to an equal 
extent. The field. F 7 would then appear, and the amount of rotation necessary to produce this 
field, i.e., the compensation for the twisting due to the sugar solution in T, may be read off on 
a scale. (From Kleiner, I. S., and Dotti, L. B.: Laboratory Instructions in Biochemistry, St. 


Louis, 1940, The C. V. Mosby Co.) 


The sugars all contain asymmetric carbons. For instance, the simplest 
aldehyde sugar may be represented as follows (the asymmetric carbon being 


shown in bold-faced type) : 


H H 

&o C—O 

H—§—OF Fe 
H-¢—oH Rb tO 


i i 


p-Glyceraldehyde L-Glyceraldehyde 
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CHO CHO CHO CHO var aa CHO mee 
| | 
Foch Cen HO-C-H H-C-OH H-C-OH HO-C-H H-C-OH HO-.-C-H 


| | | | 
H-C-OH H.C-OH HO-C-H HO.C-H H-C-OH H-C-OH HO-C-H  HO-C.H 


| | | | ] | 
HO-C. tadete HO-C-H HO-C-H H-C-OH_ ee aes Ha 
| | | . 
HO-C.H nay HO:G-H yHOH “HO-C-H GHOTGH pera pach: 
| | | | | 
Crton CH,OH  CH,OH  CH,OH CH,OH CH,OH CH,OH  CH,OH 


L-Glucose .-Mannose_ t-Allose L-Altrose L-Talose L-Galactose 1-Idose L-Gulose 


Vie \ 7 


CHO CHO CHO 
HG-OH oon Bea HO-CAl 
Ose Ti occas econ fae 
HO-C-H nar HOVE nor 
CH,OH cron con Gnon 
L-Arabinose L-Ribose L-Lyxose L-Xylose 
* pe ¥ pf 
Paris. 
ea 
CHO CHO 
ates eee 
Rotor Sole H 
éH,0H CH,OH 
L-Erythrose L-Threose 
x 
eo 
ire 

Pe af 

CHO 

HO. é H 

eto 


L-Glyceraldehyde 


The Relationship Among the 1L-Aldoses 


(From Karrer, P.: Organic Chemistry, New York, 1938, Nordeman Publishing Co Inc.) 
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CHO CHO CHO CHO CHO CHO CHO CHO 
| 


| | | 
H-C-OH HO-C.H C-OH HO-C-H_ HO-C-H H-C-OH HO-C-H H-C-OH 


| | | | 
H-C-OH  H-C-.OH C-OH H-C-OH HO-€-H HO-C-H  HO-C-H_ HO-C-H 


H. 
| | | | 
HO-C-H HO-C-H H-C-OH H-C-OH HO-C-H  HO-C-H H-C-OH H-C-OH 
H.- 
| 
H-C-OH H-C-OH H-C-OH H-C-OH H-C-OH_ H-C-OH 


| 
H-C-OH  H-C-OH 


| | | | | | | | 
CH,OH CH,OH CH,OH  CH,OH CH,OH  CH,OH CH,OH  CH,OH 


D-Glucose p-Mannose p-Allose D-Altrose p-Talose p-Galactose p-Idose p-Gulose 
» ; A » ; » 
/ \ 
\ / : \ / \ 

/ ; Nia \ 
CHO CHO CHO CHO 
| | | | 

HO-C-H H-C:-OH HO-C.-H H:-C-OH 
| | | | 
H-C-OH H-C-OH HO-C-H HO-C-H 
| | | | 
H-C-OH H-C-OH H-C-OH H-C-OH 
| | | | 
CH,OH CH,OH CH,OH CH,OH 
p-Arabinose »-Ribose p-Lyxose p-Xylose 
¥ a Y ” 

a if 
at if 
Sa 
CHO CHO 
| | 
H-C:OH HO.-C-H 
| ; | 
H-C-OH H-C-OH 
| | 
CH,OH CH,OH 
p-Erythrose p-Threose 
¥. Ds 


De 
ab ee 


CHO 
H.C-0H 
bart 
p-Glyceraldehyde 
The Relationships Among the p-Aldoses 


(From Karrer, P.: Organic Chemistry, New York, 1938, Nordeman Publishing Co., Inc.) 
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p-Glyceraldehyde rotates the plane of polarized light to the right, that is, 
it is dextrorotatory, while L-Glyceraldehyde is levorotatory. All simple sugars 
are regarded as derivatives of these two. For this reason glyceraldehyde has 
been called the ‘‘reference sugar.’’? That is, all sugars which have the same con- 
figuration as p-glycerose for the corresponding two carbons are given the desig- 
nation ‘‘p,’’ regardless of whether they are dextro- or levorotatory. Those which 


7) 


are like L-glyceraldehyde in this respect are given the prefix ‘‘L 


CHO CHO CH,OH CHO CHO CH,OH 
| | | 
R C=0 R G=—O0 
| 
R R 
| | 
ev oe H—C—OH H—C—0On HO—c—II HO—C—I HO— Chi 
| | 
CH,OH CH,OH CH,O1 CH,OH CH,OH CH,OH 
b-Glyceraldehyde Type of Type of L-Glyceralde- Type of Type of 
D-aldoses D-ketoses hyde L-aldoses L-ketoses 


Glyceraldehyde has only one asymmetric carbon atom and there are only two 
stereoisomers possible, and these two are known. If more than one asymmetric 
carbon atom is present in the molecule, the number of possible isomers is in- 
creased. Van’t Hoff showed that this number would be 2", where ‘‘n’’ is the 
number of asymmetric carbons. From the formula for an aldohexose it is evi- 
dent that there are present four asymmetric carbons; accordingly there would be 
2* or 16 possible isomers. Thus it ean easily be seen why glucose, galactose, and 
mannose are all aldohexoses and are all different. It is also evident why fructose, 
which rotates the plane of polarized light to the left, is called p-fructose. A 
study of the formulas below will clarify the above statements. 


(1) 7 ha eae CHO CHO CH,OH 
(2) 1 Bo Son HO—C—H Howes aon baa 
| 
(3) Cc HO—C—H H—C—OII pena cee, ae es Hose 
(4) é al | | | | 
i arevee Bre H—C—OH HO—C—H H—C—OH 
; | 
(5) 7 ase Gas HO—C—H H—C—OH ies aoa re nn 
‘ 1 | 
(6) C CH,OH CH,OH CH,OH be on bon 
D-Glueose L-Glueose b-Mannose D-Galactose D-Fructose 


Specific Rotation 


r . 
Thes fer i Yr . 
se differences in structure are responsible for variations in physieal, 


phys al properties of the Sugars; e.g., degree of rotatory 
os crystalline form, solubilities, reactions, sweetness, 
liferences in degree of rotat 
ory - are expr iff’ i 
Y power are expressed as different “*specific 


a ids >? hy ‘ =| 
rotations. The specific rotation of a substance is that rotation 
degrees, produced by a solution cont | 


chemical, and physiologic 
power, +48 
nutritive value. Their 


at in angular 
aining | gram of substance in 1 ml. of 


CARBOHYDRATES 51 


Seagga In a tube 1 dm. long. Dextrorotation is indicated by a plus sign, 
evo- by a minus sign. If [@]|p is the symbol for specific rotation, using sodium 


light (D) at20°C.,and 


a = observed rotation expressed in degrees, 
| = length of the tube in decimeters, 
¢ = concentration in grams per 100 ml., 
then : : 
a x 100 
[a], a Oe 
TABLE V 


VALUES OF SPECIFIC ROTATION OF VARIOUS CARBOHYDRATES AT 20° GC. 








(1) bD-Glucose + 52.5 (8) Lactose + 55.3 
(2) D-Fructose - 92.3 (9) Sucrose + 66.5 
(3) D-Galactose + 81.5 (10) Maltose +137.0 
(4) L-Arabinose +104.5 (11) Invert sugar - 20.6 
(5) D-Mannose + 14.6 (12) Dextrin +195.0 
(6) D-Arabinose -105.0 (13) Stareh +196.0 
(7) D-Xylose + 19.0 (14) Glycogen +197.0 


By means of the polariscope, sugars may be differentiated from one an- 
other if the concentration is known. Similarly, if the sugar is known, the 
concentration may be determined by ascertaining the rotation, and using the 


equation 
Stae 00 


~ [aln xT 
ap: 

It should be noted that if two or more optically active substances are present 
in the same solution, each will exert its own rotatory power. The resulting rota- 
tion will be the algebraic sum of the individual rotations. For example, if 
both p-glucose and p-fructose are in the same solution, the rotation might be 
dextro, levo, or zero, depending upon the relative concentrations of the two 
sugars. 


Sugars as Reducing Agents 


The monosaccharides and most of the disaccharides are rather strong 
reducing agents. Under suitable conditions they decompose to form fragments 
which reduce certain oxidizing reagents. The presence of the potential aldehyde 
or ketone group coincides with a great lability of the molecule to alkalis. 
Organic acids, together with a number of other products, result. The favorite 
type of reagent is an alkaline cupric solution, although other reagents both acid 
and basic, metallic and nonmetallic are used at times. 

The fundamental reaction is shown very simply in Trommer’s test. If to 
euprie sulfate solution is added a little sodium hydroxide, a bluish-white 
precipitate of cupric hydroxide is thrown down. The addition of some glucose 
will cause the solution of some, if not all, of this precipitate. Heating will now 

Pe Call .oNarttcen 
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lead to reduction of the cupric ions to cuprous ions and the formation of yellow 
to red precipitates. 


CuSO, + 2 NaOH ———> Cu(OH), + Na,SO, 
Bluish-white 
+ Reducing sugar 


‘ 2 Cuc Taken up by the sugar 
2 Cu(OH), —————> 2 Cn0H + H,O + O ({ be 
+ Heat Yellow and its products) 


L 
GujOe + H6O 
Red 





Trommer’s test is not a convenient method and is seldom used. Consequently, 
various mixtures of reagents have been prepared which have certain advantages. 
An old, but still useful, reagent is Fehling’s. Two solutions are needed: A is 
a cupric sulfate solution of definite strength, B contains sodium hydroxide and 
Rochelle salts (Na K tartrate). At the time of the test, equal volumes of A 
and B are mixed. This produces a dark blue, clear solution, since the tartrate 
serves to keep the Cu(OH), in solution. Boiling with a reducing sugar throws 
down a yellow to a red precipitate. 

Benedict’s qualitative solution is almost universally used today. This 
has the advantage of containing all the ingredients in a single solution. Cupric 
sulfate, sodium carbonate, and sodium citrate are the constituents, the citrate 
being the one needed to keep the Cu(OH), in solution. Two added advantages 
are: (1) the alkali is weaker and, therefore, less unpleasant to handle and 
(2) because of the weaker alkali, the test is more sensitive than Fehling’s. Bene- 
dict’s quantitative reagent contains, among other things, KSCN, so that a white 
precipitate of cuprous thiocyanate is the end product. Other alkaline metallic 
solutions can be used—a silver ammoniacal solution may be reduced to metallie 
silver, producing a mirror. An alkaline bismuth solution is known as Nylander’s 
solution and is sometimes used clinically. Pierie acid in alkaline solution is re- 
duced by reducing sugars to picramie acid. This reaction is shown by a change 
of color from a yellowish-orange to a mahogany red. It is the basis for one 
of the quantitative blood sugar methods widely used for a time, and still used to 
some extent. In acid solution, the sugars reduce less vigorously. Barfoed’s 
test utilizes this for distinguishing monosaccharides from reducing disaccharides. 
The former will react, while the latter will] not. The reason for this will be seen 
when the disaccharides are studied. Cuprie acetate in weak acetic or, better, 
lactic acid constitutes the reagent (Tauber and Kleiner), 


Formation of Osazones 


All sugars containing a potentially free aldehyde or ketone group form 
osazones when heated with an excess of phenylhydrazine, C,H;NHNH,. These 
are yellow crystalline compounds having characteristic forms and melting points 
and being considerably less soluble than the sugars from which they are derived. 
This 1s an important reaction. Practically, it is one means of differentiating the 
various sugars. Thus, it is an aid in distinguishing between the presence of 
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lactose and gl i : : 

glucose in the urine of la as : 
with 4 rine of lactating women. Phenylhydrazine reacts 
vith a carbonyl group to form a hydrazone: 


Qe eeS | 
C:(O0 + H,|N-NHC,H, — C:N-NHC,H, + H,O 





C. D. 


Fig. 5.—Osazone crystals. A, Glucosazone , B, lactosazone; C, maltosazone; D, arabinosazone. 


A second molecule of phenylhydrazine then reacts with an adjacent alcohol 
group, converting the latter into a new carbonyl group. Then a third molecule 
of phenylhydrazine reacts with the new carbonyl group in exactly the same 


manner as shown above, giving 


C:N-NHC,H, 


ON NHC 


5 
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ions* se would be: 
which is characteristic of osazones. The reactions* for glucose 


H H ge oe | 
S ye C:NNHC 
rAO + H,|NNHC,H, C:NNHC,H, ees i a | 
H—C—OH eae + C,H,NHNH, C:0 + H,.NNHC,H; en he 
ft | Oe HO—C—H 
é H HO—C—H La i 
es | in . H—C—OH 
H OH ni H—C—OH sae : 
oe | H—C—OH 
path on H—C—OH H—C—OH : 
. | CH,0OH 
et OH CH,OH CH,OH 2 
Gl emia rai a C,ILNH, sence er 
D-Glucose 
NH, H,O 


A study of the formulas on page 50 will show that p-glucose, p-mannose, 
and p-fructose will all yield the same osazone, because they have identical con- 
figuration for carbons numbered 3, 4,5, and 6, whereas the other sugars shown 
will form other osazones. The crystalline forms of the osazones of several of the 
more common sugars are shown in Fig, 5. 


Desoxysugars 


Sugars which have fewer oxygen than earbon atoms are known as 
‘“desoxysugars’’ or ‘‘desoses.’? Several of them are of physiological im- 
portance, particularly the pentose, 2-desoxy-p-ribose, C,H,,0,. Its formula 


is given on page 64. It will be apparent that, since carbon 2 is not a earbinol, 
this sugar cannot form an ogazone. 


Action of Alkalies on Sugars 


One of the reactions common to all reducing sugars is Moore’s test. On 
warming a reducing sugar solution to which has been added a small amount 
of sodium or potassium hydroxide, a yellow color is seen, changing to orange 
and then to dark brown. A faint odor of caramel may be detected, which is 
intensified on acidification. Nonreducing sugars and polysaccharides do not 
give this test. The color is due to the polymerization of aldehydes liberated by 
the reaction, the final products being resins—probably similar to some of the 


products tormed when almost any sugar is heated in the dry state to form 
caramel. 


When treated with a weak alkah, such as barium hydroxide, glucose, 
fructose, or mannose is converted into a mixture of the three. Whichever sugar 
is used, the same proportion of all three is finally found at equilibirum. This is 


*The mechanism of formation of osazones, as formulated by Fischer, and which has been 
presented above, has been Subject to question since phenylhydrazine does not exhibit in other 
reactions the function of an oxidizing agent, as it presumably does here, Two other theories 
(Weygand, 1940, and Fieser, 1944) have been formulated. Weygand’s theory involves an intra- 
molecular oxidation-reduction reaction resulting in the isomerism of the initially formed sugar 
phenylhydrazone. Fieser’s theory involves the formation of tautomeric chelated ring structures. 
However, there is no doubt as to 


t ¢ _the number of moles of original reactants, and the formulas 
given above are practical for ordinary use as an identification method. 
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the Lobry de Bruyn transformation and is explained by the same similarity of 
these three sugars which accounts for their yielding the identical osazones. 
Remembering that carbons numbered 4, 5, and 6 have the same configuration in 
all three, we can show how this reaction proceeds by directing our attention to 
the first three carbons: 


H 

(1) CHO HoH H—¢_oH 
| 

(2) Hae = CoH = io 
| 

(3) Sena HO—C—H HO¢—H 
| | 

D-Glucose N p-Fructose 
(1) CHO 


(2) HO-O—H 
(3) Hota 


p-Mannose 


It is assumed that an intermediate compound is formed which is easily 
changed to any of the three sugars. Since this reaction can be easily demon- 
strated to oceur in the test tube, it may well be the mechanism whereby one 
simple sugar may be changed to another in the body. We know, for example, 
that all utilizable sugars are eventually converted to p-glucose, and the trans- 
formation from p-glucose to D-fructose seems to be taking place continually. 


Action of Acids on Sugars 


Strong acids act upon monosaccharides to yield furfural derivatives. The 
pentoses are converted almost quantitatively into furfural itself and this 
property is used in the estimation of pentoses. The reaction may be: 


H 
==) 
CG (Hi OH! HG —— CH H 
ect - 3 H,O0 ll | va 
CH: OH; —— H C—-C=O 
ea eee 4 
cH {OH 0 
C | H,| OH 
Pentose Furfural 


Since furfural and its derivatives form colored compounds with a number 
of organic reagents, notably with a-naphthol and with thymol, the reaction can 
be used as a general test for carbohydrates. For example, if Molisch’s reagent, 
an aleoholie solution of a-naphthol, is added to a carbohydrate and this is treated 
with concentrated sulfuric acid, a reddish-violet color is produced. It should be 
noted, however, that substances other than carbohydrates may also be trans- 
formed into furfural derivatives and consequently give the same reaction. 
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GLYCOSIDES 


Sugars can form compounds (acetals) having an ether-like grouping of 


the general formula: Sivan Oh 
When the union is at carbon 1, the resulting compound is termed a glycoside. 
The R is called an ‘‘aglycone’’ or ‘‘aglucone’’ and is a nonsugar. However, the 
term ‘‘glycoside linkage’’ is used to describe the type of bridge uniting carbo- 
hydrate units with one another. 

Glyeosides were formerly called glucosides, but the latter term is more 
correctly applied to any glycoside having glucose as one of its constituents. 
Hence, if a glycoside has glucose as its sugar, it is both a glycoside and a 
glucoside. Many drugs, spices, and various constituents of animal tissues are 
glycosides. 

If methyl alcohol and pb-glucose are caused to react with each other, two 
glucosides are formed. They may be separated and purified, and it then may be 
shown that neither behaves as an aldehyde. The point of reaction is apparently 
at the aldehyde group, and the following is the probable course of events: 














H . H H OH H OCH, 
ae ; 4 OH eras od 
| on | 
H—C—OH H—C—OH H—C—OH H—C—OH 
| | | | 
MO—C—H + HOH HO—C—H HO—C—H O+CH,OH HO—C—H O +H-OH 
a AeRcde H—C—OH H—C—OH H—C—OH 
ees | 
eer H—C—O|H| H—C tir on 
La isi | 
CH,OH CH,OH CH,OH CH,OH 
+ 
D-Glucose_ - H:OH Methyl glucoside 


An examination of the formula for methyl glucoside shows that now, instead of 
four asymmetric carbons, there are five. The first carbon is seen to be asym- 
metric. Hence the two methyl] glucosides, which are named alpha and beta, are 
represented thus: 














OCH, H 
ay alia H,co— 
H—4- on eens 

HON oH O Pr ee O 
ae Gee AS ie 
u¢ y: ed 

ba.on dives 


a-Methyl-p-glucoside 8-Methyl-p-glucoside 


uk eo 

These two differ in rotatory power, in solubilities, 
, 1 rT) N y 7 

teristics. They are hydrolyzed by different enzym 

and emulsin on the beta, variety. 


and in other physical charac- 
es—maltase acts on the alpha, 
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q a as yee edd widely distributed in the vegetable kingdom and are represented 

, veg e dyes, and drugs. A great number are known and more are constantly 
being discovered. In the plant they may have various functions, serving as reserve material 
transport substances, coloring material, and poisonous and protective agents. The atime, 
or aglucone (the nonsugar residue of the glycoside), may be as simple as methyl alcohol or 
glycerol or as complex as the sterols. In between we have phenols, indoxyl, and the three- 
ringed aglucones of rhubarb, aloes, and senna. 

The ‘‘cardiae glycosides’’ are of vital importance in medicine. They are found in the 
ben'ves and seeds of Digitalis, the seeds of Strophanthus, the bulbs of squill, the flowers of 
lily of the valley, and in tissues of other plants. All the cardiac glycosides thus far studied 
are combinations of sterol hydrocarbons and a sugar molecule or chains of sugar molecules. 
Only a few sugars are present, namely, D-glucose, rhamnose, digitoxose, cymarose, sarmentose, 
and digitalose. The digitalis glycosides include digitoxin, gitoxin, gitalin, and digoxin. From 
Strophanthus, a number of glycosides have been isolated and identified by Jacobs. Among 


“a aig eymarin, k-strophanthan-beta, and ouabain. Scillaren A is one of the glycosides 
of squill. 


Other pharmacologically active glycosides are phlorhizin, which is found in the bark 
of the Rosaceae and has a marked influence on carbohydrate metabolism if injected into an- 
imals; salicin, found in willow bark; and amygdalin, sometimes used as an expectorant and 
found in the bitter almond. Among the glycosides found in spices and other plant products 
are sinigrin (in black mustard and horse-radish), sinalbin (in white mustard), and saponin 
(in horse chestnuts). 

The union between the monosaccharide constituents of disaccharides and polysaccharides 
is spoken of as a glycoside linkage, even though neither member is a nonsugar. 


MUTAROTATION AND THE STRUCTURE OF THE MONOSACCHARIDES 


The formation of glycosides just described serves to throw light on the 
phenomenon of mutarotation. If some glucose is dissolved in water and observed 
in a polariscope, it will be found to rotate the plane of polarized light to the 
right, but the amount of rotation will continually change until, after some time, 
it becomes constant. Other sugars exhibit this same strange behavior. It is 
called mutarotation—changing rotation. It is explained by assuming that when 
the sugar is thrown into solution it is largely in one form, but after solution 
some of it immediately changes to another form having a different specific 
rotation. At a certain stage, equilibrium will be reached, and at this stage 
the rotation will be stabilized. Naturally, the forms of glucose to be suspected 
are the ones which would be supposed to form alpha and beta methyl! glucoside. 
Therefore, we may consider p-glucose to be composed of : 





OH H 
(1) C ee Hee oe aa: 
(2) wb on hon 
(3) HO_b_H O HO—¢_H O 
(4) l H_b_oH nb on 
(5) ( a zo — 
(6) bu,0n buon 


a-p-Glucose B-p-Glucose 
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It is seen that these two formulas do not show the presence of an aldehyde 
radical. This harmonizes with the fact that the aldoses do not exhibit properties 
of true aldehydes. For example, they do not give a color with Schifft’s aldehyde 
reagent. To account for the reducing action of sugars, one may assume that 
the two forms shown are in equilibrium with a very small amount of glucose in 
aldehyde form, and as this is used up in a reaction involving the aldehyde 
group, more and more is formed from the alpha and beta types. 

These formulas indicate that glucose is a ring compound, a 1:5 ring as 
shown, although there may be 1:2, 1:8, or 1:4 rings as well. The 1:5 ring struc- 
ture is also known as the ‘‘pyranose’’ form; that is, as a derivative of pyran. 
The mixture as it ordinarily occurs in solution is often referred to as ‘‘alpha beta 
p-glucose.’’ 

Recently the sugar formulas have been pictured in perspective. The ring of 
five carbons and one oxygen are shown in one plane, at right angles to the plane 
of the paper, with the hydrogens, hydroxyls, and one primary aleohol group 
either above or below the plane. The bonds below the plane are shown by dotted 
lines. 





6 
CH,0OH 
QO 
H H 
HO OH 
H OH 
a-D-Glueose 8-p-Glueose 

(a-D-Glucopyranose) ( B-D-Glucopyranose ) 


STRUCTURE OF DISACCHARIDES 


The disaccharides are formed by the union of the two constituent mono- 
saccharides with the elimination of a molecule of water. The points of linkage 
vary as do the manner of linking, and the properties of the disaccharide de- 
pend to a great extent upon them. If both of the two potential aldehyde or 
ketone groups are involved in the linkage, the sugar will have no reducing 
properties and will not be able to form an osazone. However, if one of them 
is not bound in this way, it will permit of reduction and of osazone formation 
by the sugar. Suerose is formed from p-glucose and D-fructose by union at the 
aldehyde and ketone carbons. It is nonreducing and does not form an osazone. 


Lactose and maltose both have an unlinked potential aldehyde and consequently 
are reducing sugars which form osazones. 


ue 7 Hah de of these formulas with those for alpha and beta methyl glucoside will 
aa bret is tose has an alpha glucoside linkage and lactose has a beta galactoside linkage. 
stituents of sucrose are joined by an alpha glucoside beta fructoside linkage. It is 


also seen that in sucrose the oxy i m C C Up 

' xygen bridge of the fructose ortion i 

hydrolysis this changes to the more stable C2 to C6 bridge ; ha aes a 
o ‘ 
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eg oe. 
H=—C-—OH C 
a Ca O HO —C——H 
© Sucrose 
Ne lee Oh a) 2 i H——C-—_0H 
ae Ha=C 
CH,0OH CH,OH 
(p-Glucose portion) (b-Fructose portion) 
HC —O mes 
ee HOH 
0,-° | 
HO—C—H HO——C—H © Lactose 
He=-C HOG — i 
Hoa H——C 
CH,0OH CH.,OH 
(D-Glucose portion) (p-Galactose portion) 








H~-C—OH 
H-—C-—_-0H 
HOC O OQ  Maltose 
H-—G 
H——G h——C 
CH2OH CH,OH 


(2 p-Glucoses ) 


Monosaccharide Phosphates 


Esters of phosphorie acid with sugars are formed in many biological 
reactions. In fact, the formation of phosphates appears to be a prerequisite 
to most, if not all, physiological reactions. The hydroxyl radicals are 
esterified with phosphorie acid; thus: 


foe Poet 
—CH,|OH + H;|O—P=O — —CH,—O—P=0O + H,O. 
a Non Ou 
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Important phosphate esters of sugars include the following: 























/ OH 
aN ‘4 i‘ CH,—O—P* 
Zo CH,OH — = 
a oa vo on 
H—C—OH fee ee : ; a) | | 
em ee 
jae O HO—C—H: _O BS aie eo HO i 5 
| = OH 
eas H—C—OH cyte | H : | 
ei iC H—C 
oa fh | Ae ae o—pZ 
CH,OH CH,—O—P=0 CH,—O—PZO 2 i 
a-D-Glucose- a-D-Glucose- a-D-Fructose- a-D-Fructose- 


1-Phosphorie acid 
(Cori ester) 


6-Phosphorie acid 


(Robison ester) 


6-Phosphorie acid 
(Neuberg ester) 


1,6-Diphosphorie acid 
(Harden-Young ester) 


The formation of phosphates is called phosphorylation. Special enzymes and 
coenzymes are necessary to effect this, and these are quite specific, different 
enzymes being required to link the phosphate radicals to different positions. 
Furthermore, as glucose is broken down either in fermentation or in earbo- 
hydrate utilization in animal tissues, the fragments are phosphorylated and 
the phosphate group is transferred from one part of the chain to another. 
inally, the end products are obtained and the phosphate radical is freed. 


FERMENTATION 


When yeast is added to certain sugars, an evolution of CO, occurs and 
ethyl alcohol is formed. This reaction, which has been known and utilized since 
pre-Biblical times, is called fermentation. A fermentation is a decomposition 
of an organic substance, usually a carbohydrate, produced by a living organism, 
or by its enzymes, with the liberation of a gas. The term ‘‘fermentation’’ is 
often loosely used for any enzymic decomposition but is more properly restricted 
as stated. Until Buchner’s time (1897) fermentation wags believed to be de- 
pendent upon the life of the yeast cells and could only be brought about by the 
growth, metabolism, and reproduction of such cells. That investigator, how- 
ever, showed that the juice pressed out of yeast and containing no cells had 
the power of fermenting sugars. He called the agent present ‘‘zymase.’’ 

Ordinary baker’s yeast ferments D-glucose, p-fructose, and D-mannose, as 
well as sucrose and maltose after hydrolyzing them, by 
to their constituent monosaccharides. 
are specific for other sugars, 
lowing equation: 


another enzyme reaction, 
Other strains of yeast are known which 
The reaction is commonly represented by the fol- 


C.H,,0, — 2C,H,OH + 2CO, 


However, it is not quantitative, and products other than CO, and C.H;OH are 
formed. Moreover, it is not a simple reaction. 

It now appears that besides zymase, there are also needed a coenzyme, 
phosphates, and several other enzymes. We owe the explanation of this 
series of reactions to a number of investigators, among them Harden, Neuberg, 
Young, Robison, Embden, Lohmann, and Meyerhof, Dialysis of zymase golu- 


CARBOHYDRATES 61 


tions inactivates them by removing inorganic phosphates and coenzymes, which 
have relatively small molecules and pass through the dialyzing membrane. Heat- 
ing inactivates zymase solutions, because heating destroys enzymes. Combining 
the dialyzed zymase with heated zymase will restore activity. The mechanism 
of fermentation involves the phosphorylation of the monosaccharide, (a disac- 
charide is first hydrolyzed to monosaccharides by enzymic action). A series of 
hexosephosphates results. Then the six-carbon chain is broken to yield two 
three-carbon chains. <A series of three-carbon phosphorylated compounds is 
formed, yielding, finally, several end products, including CO, and C,H,OH. 
For these manifold transformations the presence of various enzymes, ¢o- 
enzymes, and inorganic ions are needed. In some instances one enzyme will 
catalyze more than one reaction, using different coenzymes. It is also known 
that oxygen modifies the rate of carbohydrate breakdown under the influence of 
yeast. Fermentation, with the production of alcohol, takes place optimally 
anaerobically, even though the yeast cells multiply more rapidly in the presence 
of oxygen. Smaller amounts of carbohydrates are disintegrated under aerobic 
than under anaerobic conditions. This is called the ‘‘ Pasteur effect.”’ 


The following scheme represents Meyerhof’s conception of the path of sugar fermenta- 
tion. Most of the reactions indicated are reversible; i.e., they can go in both directions, de- 
pending on the concentration of the reacting products and on other factors, but they are 
shown here as proceeding only toward the end products. 


Glycogen, starch p-Glucose 
+ H,PO, | | + H,PO, 
Glucose-1-phosphate —> p-Glucose-6-phosphate (Robison ester) 
(Cori ester) 
p-Fructose-6-phosphate (Neuberg ester) 


p-Fructose-1,6-diphosphate (Harden-Young ester) 
J 


a LEE EE EEE 


V 
Dihydroxyacetone phosphate p-3-Glyceraldehydephosphate 
+ H, ; A H;PO, — Il, 
L-Alpha-glycerophosphate p-1,3-Diphosphoglycerie acid 
5 3 4 
Giysarol + H,PO, p-3-Phosphoglyceric acid 


p-2-Phosphoglyceric acid 
“zy H,O 
(Enol)-phosphopyruvic acid 
H 


S 4 
Lactic acid <—— _  Pyruvie acid 
+H 
; Acetaldehyde + CO, 
Ethyl alcohol 


Fermentation of Sugar” 


Monosaccharides 


p-Glucose.—p-Glucose is also called dextrose, because of its dextrorotation, 
and grape sugar, from one of its sources. It occurs widely in fruits and vege- 
tables, frequently associated with other sugars. Linked with a second molecule 
of monosaccharide, it is a component of all the common disaccharides, and in the 
polymerized state it is a constituent of many polysaccharides. Thus digestion 


*Adapted from Meyerhof, O.: Wallerstein Laboratories Communications 12: 255, 1949. 
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of these di- and polysaccharides yields p-glucose for nutritive purposes. The 
syrup commonly named ‘‘glucose’’ commercially is chiefly p-glucose. It is pro- 
duced by the hydrolysis of starch. The unpleasant reputation of glucose in 
popular opinion is due to the fact that many years ago the sulfuric acid used 
in hydrolyzing grain to produce glucose sometimes contained arsenic as an 
impurity. The arsenic was carried over to the glucose, which resulted in some 
cases of poisoning. Today there is no possibility of such an occurrence. Con- 
sequently there is no ground for prejudice against glucose syrups for use in the 
dietary. These syrups, the so-called corn syrups, contain some dextrins and 
maltose besides glucose and are used to some extent to modify cow’s milk for 
use in infant feeding. 

p-Glucose is the physiological sugar and, probably, any other sugar, which 
has nutritive value, must first be converted to that form. Later it may be trans- 
formed into other monosaccharides for special uses. It is present in normal 
blood continually and at a fairly constant level, i.e., about 0.1 per cent. There 
are also minute traces normally in the urine, but these are too small to be de- 
tected by ordinary methods. Pathologically both blood sugar and urine sugar 
may increase considerably. The disease diabetes mellitus is a notable example. 

p-Fructose.—p-I'ructose is a keto-hexose. Its molecular formula is C,H,.0,, 
and its structural formula may be shown in three ways: (1) as a ketone 
(p-fructose), (2) as alpha and beta p-fructose, and (3) in the perspective 
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CH,OH CH,OH CH,OH 
| /OH | 
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Perspective formula 
a-D-Fruetose 
(a D-Fructopyranose ) 


formula. It should be noted that the extra as 


mutarotation, ete., is carbon 2 in the case of 





3 





ymmetrie carbon to account for 
fructose. Fructose is commonly 
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ealled fruit sugar because of its widespread occurrence free in fruits. It is 
one of the constituents of sucrose and of other sugars, and also of the poly- 
saccharide inulin. It is a very sweet sugar, much sweeter than sucrose, and 
more reactive than glucose. It rotates the plane of polarized light to the left, 
whence another name is derived, namely, levulose. It also exhibits mutarota- 
tion. The letter p, which is prefixed in its exact scientific name, p-fructose, of 
course, refers to its configuration. That is, in the ketone formula it has the same 
configuration for carbons 4, 5, and 6 as has p-glyceraldehyde, the reference 
sugar, Since carbons 3, 4, 5, and 6 have the same arrangement of H’s and 
OH’s as those of p-glucose, the osazones of these two sugars are identical. 


Fructose can further be distinguished from glucose by Seliwanoff’s re- 
action. In this procedure a few drops of dilute sugar solution are heated 
with a reagent containing resorcinol in strong HCl under carefully regulated 
conditions. There is formed hydroxymethylfurfural which reacts with the 
resorcinol to give a red compound. Other ketoses and ketose-containing di- 
saccharides, such as sucrose, will give this test, and other sugars will also, if 
present in high concentrations or if the heating is continued beyond the proper 
period. A more decisive reaction is the formation of the methylphenyl- 
fructosazone. This is specific for fructose and can be carried out in the presence 
of glucose or sucrose (Neuberg and Mandl). 





Fig. 6.—Muciec acid crystals. 


p-Galactose.—p-Galactose is seldom found free in nature, but in eombina- 
tion it occurs both in plants and animals. In plants it appears in certain poly- 
saccharides (for example, in the seed coats of the legumes) and in complex mixed 
carbohydrates. Indeed it is claimed that carbohydrates yielding galactose are 
almost as widespread in plant seeds as is sucrose. It apparently can be manu- 
factured by the body or, more probably, glucose is changed into galactose. 
Among other sites of this transformation is the mammary gland, for milk sugar 
is made up of glucose and galactose. It is also a constituent of the glycolipids 
which are found in many tissues, but particularly in nervous tissue. Patho- 
logically, it occurs in the urine of nursing infants having digestive difficulties. 

Galactose is not as sweet as glucose and is less soluble in water but has a 
higher specific dextrorotation. On oxidation it yields mucie acid which is less 
soluble than the corresponding acid formed from glucose. This aids in its 
identification, since the erystals of mucic acid are not difficult to produce and to 
detect (ig. 6). Another difference is that it is fermented much more slowly 
by yeasts than is glucose. Bakers’ and brewers’ yeast do not ferment it at all. 


64 HUMAN BIOCHEMISTRY 


p-Mannose.—p-Mannose is not found free to any great extent, and the poly- 
saccharides which yield it on hydrolysis are not very digestible. It is, there- 
fore, of very slight importance nutritionally. Bakers’ yeast ferments it. 

Pentoses.—The most important pentoses—all having the molecular formula 
(!.H,,0;—are L-arabinose, p-xylose, p-ribose, L-xyloketose, and also 2-desoxy- 
p-ribose (C;H,.0,). The first four are aldoses and are not found free in nature. 
Arabinose results when arabans ‘are hydrolyzed. Gum arabic, cherry gum, and 
other gums contain arabans. v-Xylose is produced by the hydrolysis of the 
xylans of straw and wood. p-Ribose and 2-desoxy-D-ribose are constituents of 
nucleie acids (acids which are found in combination in all cells). Desoxy sugars 
contain one oxygen atom less than the sugars from which they are derived. The 
last of the five pentoses mentioned, L-xyloketose, is, according to Greenwald, the 
sugar present in the urine in the rather uncommon condition known as pen- 
tosuria. The structure of three of these is shown, all in the alpha forms. 
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Disaccharides 


The three most common disaccharides, maltose, lactose, and sucrose, have 
the molecular formula C,,H,,0,, and hydrolyze according to the following 
equation : 

C,H»O., + HO — O,H,,0, + C,H20, 


Maltose — p-glucose + D-glucose 
Lactose — p-glucose + D-galactose 
Sucrose — p-glucose + D-fructose 


Maltose.—Maltose, or malt sugar, is an intermediary in the acid hydrolysis 
of starch and ean also be obtained in enzyme hydrolysis of starch. One of the 
time-honored methods utilizes the action of sprouting barley, which contains the 
enzyme diastase, upon grain. This is the first step in the production of aleohol 
Various food preparations, such as baby and invalid foods produced by ydealye 
Sis of grains, contain large amounts of maltose. Ae apeh digestion in the body 
aor maltose, which only requires one further hydrolytie action to be con- 
AY eo tid Fae a rather sweet sugar and is very soluble in water. 
cara Senate ee potentially free, it has reducing properties and 

Lactose.—Lactose is milk sugar. 


quantities. It is found only in milk in appreciable 


ee i is, to be sure, found also in very low concentration in the blood 
: rine of lactating women, but this should be considered accidental and is 
y no means a constant occurrence, If the mammary gland produces an excess 
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of lactose, or if the milk is not removed rapidly enough, lactose will dam back 
into the circulation. The body cannot utilize unhydrolyzed disaccharides; there- 
fore this ‘‘wandering’’ lactose will be excreted by the kidneys. Lactose also 
has reducing properties and forms a characteristic osazone. It is not very 
soluble and is not as sweet as the other common sugars. This property may be 
made use of when it is desirable to force carbohydrate feeding in patients hav- 
ing a distaste for sweets. It is dextrorotatory. Because it contains galactose 
as one of its constituents, it yields mucie acid upon oxidation. It is not fer- 
mented by baker’s yeast and its behavior toward other microorganisms is also 
noteworthy. It is fermented by the colon bacillus but not by the typhoid. This 
reaction is used by bacteriologists to distinguish between these two organisms, 
which resemble each other in many ways. Many organisms which are found in 
milk; e.g., Bacillus coli, Bacillus aerogenes, and Streptococcus lacticus, convert 
lactose into lactic acid, thus causing the souring of milk. Lactobacillus acid- 
ophilus and Lactobacillus bulgaricus are examples of other organisms, not or- 
dinarily found in milk, which have the same action; these two are used to pro- 
duce the therapeutic sour milks. 

Sucrose.—Ordinary table sugar is sucrose, or saccharose. It is obtained 
from the sugar cane, the sugar beet, and, to a lesser extent, from the sugar 
maple. It also occurs in a number of fruits and vegetables; e.g., pineapples 
and carrots. It is very soluble, very sweet, and on hydrolysis yields glucose 
and fructose. Sucrose is dextrorotatory, but its hydrolysis products are levoro- 
tatory because fructose has a greater specific levorotation than the dextrorotation 
of glucose. Since this hydrolysis therefore inverts the rotation, the mixture of 
glucose and fructose is called ‘‘invert sugar’’ and the process is ealled ‘‘in- 
version.’’ Honey is largely invert sugar and the presence of fructose accounts 
for the greater sweetness of honey. Sucrose does not reduce alkaline copper 
solutions, nor does it form osazones. The explanation of this is that the alde- 
hyde and ketone groups of its constituent monosaccharides are linked to- 
gether and consequently neither one is free to act. Sucrose is fermented by 
ordinary yeast but is first inverted by invertases present in, or secreted by, the 
yeast cell. Sucrose is easily inverted by invertases present in the intestinal tract 
and is the most important sugar of our dietary. The monosaccharides formed— 
glucose and fructose—are readily absorbed and utilized by the body. It must 
be emphasized, however, that this is only true of sucrose taken into the body 
per os. If introduced by any path other than the gastroenteric tract, ie., 
parenterally, it is hardly utilized at all. Disaccharides are unphysiological sub- 
stances when present in the blood stream, as previously mentioned in the case 
of lactose. Therefore, sucrose should not be injected intravenously if its nu- 
tritive properties are desired. It sometimes is injected in this way, but the 
clinician uses it to increase the osmotic pressure of the blood and to cause a 
flow of water from the tissues into the blood. Invert sugar, however, may be 


given intravenously as a nutrient fluid. 
Sweetness of Sugars 


The relative sweetness of sugars cannot, of course, be determined with great 
accuracy. However, observations on a series of subjects gave the figures shown 
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‘n Table VI. Sucrose was used as the standard and the relationship of this 
sugar to the other sugars was determined by observing the highest dilution at 
which the sweet taste was detectable. 


TaBLE VI 


RELATIVE SWEETNESS OF SUGARS* 
eo 


sane Ciena UNITS OF WEIGHT OF 
H 

danse Camas ore SUGAR EQUIVALENT TO ONE 
(SUCROSE = 100) 


UNIT OF SUCROSE 


SUGAR 


en SS SSS 


Lactose 16.0 6.3 
Raftinose 22.6 4.4 
Galactose 32.1 aya 
Rhamnose 32.5 Ay 
Maltose 32.5 (7?) oe GR) 
Xylose 40.0 2.5 
Glucose 74.3 1.3 
Sucrose 100.0 1.0 
Invert sugart 127.4 0.8 
Invert sugar} 130.0 0.8 
Fructose 173.3 0.6 
*Data from Biester, A., Wood, M. W., and Wahlin, C. S.: Am. J. Physiol. 73: 387, 1925; 
and Willamen, J. J., Wahlin, C. S., and Biester, A.: Am. J. Physiol. 78: 397, 1925. 


+Prepared by the action of invertase upon sucrose. 
tEqual parts of glucose and fructose mixed. 


Polysaccharides 


The polysaccharides are much more complex substances than the other 
carbohydrates so far discussed. Most of them are white amorphous compounds, 
of which starch is a typical example. They are not sweet and, when pure, do not 
reduce or give other characteristic aldose or ketose reactions. Since they are 
polymers of sugars, the size of the polysaccharide molecule is, in general, very 
large. Consequently, those that are not insoluble form colloidal solutions. The 
molecular weights of the celluloses probably range from 200,000 to 400,000; those 
of the starches, from 10,000 to 1,000,000; and glycogen from different sources is 
believed to vary from 1,000,000 to 4,000,000. 

The polysaccharides are classified according to the type or individual mono- 
saccharide yielded on hydrolysis. Thus starch belongs to the general group of 
hexosans, because a hexose is the product of its hydrolytic decomposition. It is, 


more particularly, a glucosan since glucose is the particular hexose involved. 
There are three main groups: 


A. Pentosans, yielding pentoses; xylans and arabans are subgroups, yield- 
ing xylose and arabinose, respectively. 
B. Hexosans, yielding hexoses; glucosans, mannans, galactans, and fructo- 
sans yield the sugars indicated by their names. 
C. Mixed polysaccharides; complex polysaccharides yielding, on hydrolysis 
more than one kind of sugar, and frequently sugar derivatives. 


Pentosans.—Pentosans occur chiefly in vegetable gums, such as cherry gum 
and in other vegetable materials, such as straw. On hydrolysis arabans ield 
L-arabinose, and xylans, p-xylose. Little is known of their role in ninana 
animal physiology. Gum arabie ig not the pure pentosan it was former] 
thought to be. It probably contains a considerable amount of pentosan sin 4 
* mild treatment with acids releases arabinose, but there is left behed a ’ 9 

saccharide nucleus resistant to acid. This nucleus is a mixed a Re Nae “4 
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Hexosans.— 


STaRcH.—Starch occurs in many plants as storage foods. It may be 
found in the leaves and stems as well as in the roots, fruits, and seeds where 
it is usually present in greater concentration. Starch granules under the micro- 
scope appear as particles made up of concentric layers of material. They differ 
In shape, size, and markings with the plant (see Fig. 7). In this way experts 
ean identify starches which have been mixed with spices or other products as 
adulterants. Starchy foods are the mainstay of our diet. Large amounts are 
present in cereals such as wheat, rye, corn, and barley, in potatoes, in legumes, 
and in nuts. In the ripening process in some plants, such as the apple and 
banana, starch is changed to sugar; in others, as for example corn and peas, the 
change is in the opposite direction. Starches also are used in industry and in 
the household in many ways, as, for example, in laundering. 





Potato. Wheat. Rice. 


Fig. 7.—Starch granules (200). (From Fearon, W. R.: An Introduction to Biochemistry, 
ed. 2, St. Louis, 1940, The C. V. Mosby Co.) 


The starch granule contains two hexosans, both polymers of glucose but 
differing in molecular architecture and in certain properties. One is called 
‘amylose’? and the other ‘‘amylopectin.’’ Ag present in the starch granule, 
amylose is more soluble in hot water than is amylopectin. On drying, however, 
the amylose becomes more and more insoluble. Starch forms a colloidal solution 
when boiled with water, ‘‘starch paste.’’ In this the amylopectin is believed 
to act as a protective colloid for the amylose. Both the starch grains and the 
solloidal solution give an intense blue color when treated with iodine. The 
intensity of the color produced by amylose is about six times that produced by 
amylopectin. 

Hydrolysis of starch yields a succession of polysaccharides of gradually 
liminishing molecular size, while maltose is simultaneously split off. 


Iodine Reaction Course of Hydrolysis 
Blue Starch 
"A ‘\ 
Blue Soluble starch Maltose 
L \ 
Purple Amylodextrin Maltose 
Y \ 
Red Srythrodextrin Maltose 
. \ 
Colorless Achroédextrin Maltose 
J 
Maltose 


Enzyme hydrolysis (amylase) ends at maltose and, of course, is not quan- 
titative; traces of the dextrins remain. If a maltase is present, or if the hy- 
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drolysis is accomplished by acid, much of the maltose will be converted into 
glucose. 

Starehes are capable of forming esters with either organic or inorganic 
acids. There is present in some starches a minute amount of phosphoric acid. 
This is linked by primary ester bonds to carbon 6. Some synthetic starch 
esters are useful as plastics, while starch nitrates are violent explosives. 

The exact molecular structure of both amylose and amylopectin is not 
entirely settled, although the general pattern of each is known. Amylose 
consists of long chains of from 70 to 2,100 glucose units (Meyer and Rath- 
geb; Hassid). Haworth’s suggestion is a chain structure of glucose units 
joined together by a-glycoside linkages from the first carbon atom of one glu- 
cose unit to the fourth carbon of the next one. Since the aldehyde-bearing 
carbon (C1) is joined in each ease to the next unit, its reducing action is 
nullified. A portion of such a structure is shown thus: 


CH,OH CH,OH CH,OH CH,OH 


H H OH 


a-Linked Glucose Units in Starch 





The amylopectin molecule is thought to be made up of a large number of 
branches, each consisting of 25 glucose units or less. Each of these small branches 
resembles the larger amylose chains but they are joined together in such a way 
that the free-reducing group of a glucose unit at the end of one branch is 
glucosidically linked through the sixth carbon of a glucose unit (not an end one) 
m an adjoining chain. The resulting molecule is much larger than that of 


amylose. (See Fig. 8.) There is at present no agreement as regards the pat- 
tern or mode of branching, 


ry DrxtrINs.—When starch is hydrolyzed by the action of acids or enzymes 
it is broken down into a number of products of lower molecular weight iow 
as dextrins. These include “soluble starch’’ and the other dextrins listed on 
page 67. ‘‘Soluble starch’? forms a clear colorless solution not at all 
‘*starchy’’ in appearance but giving a blue iodine reaction. The pine dextrins 
are water-soluble and react to lodine as indicated above. They resemble 
starch by being precipitable by alcohol, forming sticky, gummy masses. Dextrin 
solutions are often used as mucilages; the mucilage on the back of Me postage 
oe is eye Starch hydrolysates, consisting largely of dextrins and 
tose, are wic ely used in infant feeding. These carbohydrates are not only 
easily digested, but their physical properties are useful in preventing the f 
tion of large heavy curds when the milk, with which they are mix a ] ; oe 
baby ’s stomach. Many breakfast foods contain dextrins os d ra 1 ee 
tions used in soda fountain beverages. Most preparatior f d . ci anal 
tures. One well-defined dextrin is called “limit Epa , : M2 a 
xtrin,”" This is the product 


remaining after the enzyme B-am 
ee -amylase has acted : 
action is observed (Meyer and Gibbons), ine 
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DrextTRANS.—Certain microorganisms produce polysaccharides known as 
dextrans, when grown on sugar media. These constitute what was formerly 
called “‘slime’’ and were discarded when they appeared in industrial opera- 
tions. They differ from dextrins in structure. They are made up of units of 
a number of p-glucose molecules having a-1,6 glycosidic linkages within each 
unit, and the units are joined together to form a network. Dextrans, syn- 
thesized by Leuconostoc mesenteroides in a pentose medium, have recently been 
recommended as blood ‘‘extenders’’; that is, solutions of them may be in- 
jected intravenously, after blood loss, in order to increase the volume of the 
circulating blood. (See page 198.) Because of their high viscosity, low os- 
motie pressure, and the slow disintegration and utilization of the dextrans, 
they remain in the blood for many hours. If the injections are not repeated 
too frequently, the dextrans are eliminated and do very little damage to the 
tissues. (Grénwall and Ingelman.) 

GLycocen.—Glycogen is often called animal starch, although now it is 
known to occur also in yeasts and in algae and fungi and a polysaccharide very 
similar to it is in golden bantam sweet corn. It is found in large amounts 
in oysters and other shell fish and the muscle of the scallop is particularly 
rich in it. In higher animals it is deposited in the liver as storage material 
and in the muscle as a more immediate source of energy. 


ASL IGE IAL; 
Rototokshons 
Siatotatal a ; ee 


Fig. 8.—Haworth and Hirst’s diagrammatic formula for amylopectin. Each chain (repeating 
unit) contains about 25 glucose residues. 


It may be precipitated from its beautifully opalescent solution by ethyl alco- 
hol and, in drying, forms a pure white powder. It is dextrorotatory with an 
[<]p — 196°.6. Glycogen is not destroyed by a hot strong KOH or NaOH 


solution. This property is made use of in the method for determining it quanti- 
tatively in tissues. The weighed minced tissue, to which strong alkali has been 
added, is heated on a steam bath until the tissue disintegrates and dissolves; then 
the glycogen is precipitated out by alcohol and, after purification, it is hydro- 
lyzed to glucose, which may be determined by some standard quantitative pro- 
cedure. With iodine, glycogen gives a deep red color. In this respect it resembles 
erythrodextrin, but it may be distinguished from this substance by its opales- 
cence in solution and by certain other properties. The glycogen-iodine reaction 
requires a much stronger iodine reagent than does the starch-, or dextrin-iodine 
test. 
Glycogen on hydrolysis yields p-glucose : 
(C,H,.O,). + nH,O — n(C,H,,0,). 


An analagous reaction is constantly occurring in the body. However, in the 
body it is a reversible reaction and phosphoric acid is involved (see Chapter 16). 
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Glucose, and other monosaccharides, are transformed into glycogen in muscle 
and liver, and glycogen is rapidly disintegrated to furnish D-glucose for physio- 
logical requirements as needed. Glycogen resembles amylopectin in structure 
in that it is made up of branched chains of glucose units. The individual 
elucose units are attached to each other by the same a-1,4-glucosidie linkages but 
the chains are somewhat shorter, averaging 12 glucose units. These short chains 
are joined together in much the same way as are those of amylopectin. Glycogen, 
as well as many other polysaccharides, does not exist in the form of homogenous 
molecules all having the same molecular weight and possessing the same numbers 
of monosaccharide units. The glycogen units are collections of polymers, hay- 
ing the same general branching plan, but a rather wide range of molecular 
weights. (Bell.) 


Lazarow has isolated from guinea pig livers, by high speed centrifugation, a glycogen 
complex which is termed ‘‘ particulate glycogen.’’ This contains a high percentage of water 
and the dry matter is composed of about 93 per cent glycogen and 1 per cent protein. It is 
believed that protein may combine with glycogen, thus removing it from the reaction 
mixture and shifting the reversible reaction 


Glucose-l-phosphate = glycogen + phosphate 


toward the right and facilitating glycogen storage. (See Chapter 16.) The high content 
of water also probably has some physiological signiticance. 


CreLLULOsr.—Cellulose is a hexosan which makes up a large part of the 
framework of plant tissues. It is quite insoluble, except in certain special re- 
agents. Absorbent cotton and filter paper are composed very largely of cellu- 
lose. It is not hydrolyzed readily by dilute acids but heating with fairly high 
concentrations of acids yields the disaccharide cellobiose. Cellobiose is made up 
of two molecules of p-glucose, linked together by B-glucosidie linkages between 
the first and the fourth carbon atoms of adjacent glucose units. Hence cellulose 
is considered to be long chains of glucose units joined together in this way. No 
cellulose-splitting enzyme is seereted by the mucosa of the human gastrointestinal 
tract. However, some microorganisms are capable of digesting it and if such are 
present in our intestinal canal there is the possibility of some slight nutritive 
value. Even such forms as termites, which use wood and other cellulose-contain- 
ing materials as food, do not do so directly. Cleveland has shown that there is 
a symbiosis between these insects and their intestinal protozoa. The teeming 
protozoa either digest the cellulose completely or else play a very important 
be in its digestion. Although cellulose cannot be considered of any particular 
ia6! or indigontile matted of the det Mic ee 
testinal peristaltic wave and the mere bulk ae cen ae ee a 2 eee 
ment. In the large intestine its bulk aids in tl : Pics tee uamans” 
Often an increase in roughage will relieve pera ” i ia he eee 

Silag pation, but too great an amount 


is not desirable and ig even likely to aggravate the condition 


Methyl cellulose has also been sugeg 
including constipation 
loidal solutions, « 


ested for certain intestinal conditions, 
; , since It absorbs large quantities of water to form eol- 
ind otherwise has properties Similar to cellulose. 
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The oxidation of cellulose by NO, under appropriate conditions yields an 
oxidized cellulose which is soluble in slightly alkaline solutions. Probably pri- 
mary hydroxyl. groups are attacked, yielding oxidation products containing 
combined uronic acid units. These cellulose products retain their fibrous struc- 
ture and will undoubtedly find uses in medicine. Already some applications 
have been suggested. Pledgets of this cotton containing thrombin, the blood- 
clotting principle, have been applied to wounds and left there. The mass is 
more adherent than a clot alone would be and is eventually dissolved by the 
faintly alkaline body fluids and is then absorbed. Absorbable paper and gauze 
have also been tested in animal experiments. When left in contact with brain, 
muscle, joints, or other locations they are also absorbed after serving their pur- 
pose of supporting or protecting injured surfaces where a smooth membrane is 
desired in the final healing. 

Inutin.—Inulin is a fructosan. It is a starchlike polysaccharide which 
oceurs in the tubers of the dahlia, in the roots of the Jerusalem artichoke, the 
dandelion, and chickory, and in the bulbs of onion and garlic. It is a white 
tasteless powder, levorotatory, and gives no color with iodine. Acids hydrolyze 
it to p-fructose, as does inulase, the enzyme which accompanies it in plants. 
For a while, the use of inulin was recommended in the dietary of individuals 
with diabetes on the assumption that it would be digested to fructose, which was 
further assumed to be more easily utilized by persons suffering from diabetes. 
It is not certain whether it is digestible although it is possible that fructose is 
handled better than glucose in diabetes. Fructosans are being discovered con- 
tinually in various plant materials. They are found in large amounts in 
grasses and in smaller amounts in cereals. 

HEMICELLULOSES.—The pentosans, galactans, mannans, and similar poly- 
saccharides have long been termed hemicelluloses. They are probably of smaller 
molecular size than the celluloses, whence the name. The pentosans have been 
considered before. Agar-agar, a product derived from certain seaweeds, con- 
tains a large amount of galactan. Agar is used in the preparation of cultural 
media in bacteriology. It is not.digested in the human alimentary tract and 
therefore it is of value in treating certain forms of constipation, acting as a 
soft, nonirritating type of roughage. Mannans are also quite indigestible. 
Some mannan is found in the carob bean, or St.-John’s-bread, and also in the 
ivory nut. 

Mixep PotysaccHARmwes.—Mixed polysaccharides are designated ‘‘hemi- 
celluloses’’ by some authorities, but it seems wiser to reserve that term for the 
group just described. The molecules of a mixed polysaccharide are composed 
of both pentose and hexose units together with an uronic acid (see page 73) 
such as glycuronic acid. The more complex ones are found in gums, mucilages, 
wood, and other plant tissues frequently associated with other polysaecharides. 
Most of the plant materials are not made up of any one pure carbohydrate. 
For example, gum arabie contains a nucleus relatively resistant to acid hy- 
drolysis. This is composed of galactose and glucuronic acid units. With them 
are combined, more loosely, arabinose and methyl pentose, which ean be easily 
split off by mild treatment with acids. Slippery elm mucilage and flaxseed 
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mucilage both appear to contain rhamnose and galacturonic acid, but other car- 
bohydrates are probably admixed. 

The mixed polysaccharides constitute the major part of the indigestible 
residue of foods and therefore also become a part of the roughage. Those poly- 
saccharides which are not digested and are not easily hydrolyzed by acid or alkali 
are designated ‘‘fiber’’ in reports of food analyses. The higher mixed polysac- 
charides are, of course, in this group, and also those hemicelluloses which are 
not soluble in water. 

Pectins, or, more properly, ‘‘pectic substances,’’ are the materials respon- 
sible for the gelling properties of fruits. A suitable concentration of acid, 
sucrose, and pectin is necessary to produce a jelly. Whether these carbohydrates 
may be classed as mixed carbohydrates is very doubtful now. They appear to 
yield, on hydrolysis, arabinose, galactose, acetic acid, methyl alcohol, and 
galacturonic acid, and various hypotheses have been advanced to account for all 
these constituents. Recent work indicates, however, that the arabinose and 
galactose are derived from arabans and galactans associated with the pectin. 
The term ‘‘pectic substance’’ is now used as a group designation for these 
complex carbohydrate derivatives. They contain a large proportion of 


methylated galacturonic acid molecules, which are believed to exist in long 
chains. 


? 


Carbohydrate Derivatives 


On hydrolysis of certain more complex substances, amino sugars are ob- 
tained. In these, the amino group replaces an hydroxyl group. Thus we ob- 
tain 2-amino glucose as one of the products of hydrolysis of a glycoprotein, 
and 2-amino galactose from chondroitic acid, a constituent of cartilage. 

Oxidation of the monosaccharides yields, among others, three important 
types of acid. Using p-glueose as an example, these may be shown as follows: 


ey COOH COOH 
IL | 
H—C—OH H—C—OH rae flor 
HO é | | 
—_C—H aN HO—C—H HO—C—H 
= Oxidation | Oxidation 
—C—OH —_—______5 ee —_—_____» H—C—OH 
ton “ane ab rae ACF, 
CH,OH CH,OH AOR 
D-Glucose D-Glueonie acid D-Saecharie acid 


CHO 
n—b_on 
| 
HO—C—H 





| 
H—C—OH 

| 
H—C—OH 


| 
COOH 
D-Glucuronie acid 
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Saccharie acid ig probably not formed in the body but is produced in vitro. 
It is the analog of mucie acid, formed from galactose, but it is soluble, whereas 
mucie acid is not very soluble. Gluconic and glucuronic acid are produced 
metabolically. Gluecuronic acid sometimes is found in urine, usually in con- 
jugated forms. The glucuronides do not reduce. However, glucuronie acid 
in the free form has reducing properties and is dextrorotatory, but cannot be 
fermented by ordinary yeast. It combines with and ‘‘detoxicates’’ various 
toxic compounds which may be formed in the body or may be absorbed from 
the intestinal tract. (See page 648.) With certain sex hormones it forms 
compounds which are much more soluble in the aqueous body fluids than the 
uncombined hormones. Acids of this type are called ‘‘uronie acids.” Com- 
plexes of the uronie acids with glucosamine, sulfuric acid, or acetyl or other 
groups are found in the skin and other parts of the body as well as in the 
capsules of various cocci. These ‘‘mucopolysaccharides”’ may occur free or in 
combination with proteins. Chondroitin sulfuric acid, heparin, and hyaluronic 
acid are important examples which will be discussed in subsequent sections. 
Condensed uronic acids, polyuronides, are formed by bacilli and by plants. 
In this form they are constituents of vegetable foods. 

As mentioned previously (page 20), compounds containing the uncommon 
isotope of one of its constituent elements are very useful in biochemical 
studies. The synthetic preparation of carbohydrates containing radioactive 
carbon is, however, extremely difficult. A novel method of producing starch, 
sucrose, glucose, or fructose so labeled has been described. (E. W. Put- 
nam.) Green leaves are placed in water in the dark to use up reserve 
carbohydrates. They are then exposed to light in an atmosphere containing 
carbon dioxide tagged with radioactive carbon. Photosynthesis results in the 
formation of one or more carbohydrates containing labeled carbon in the 
molecules. Different plant leaves produce different radioactive carbohydrates. 
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Chapter 4 
LIPIDS 


The lipids constitute a very important group of organic substances in 
plant and animal tissues, a group which is difficult to characterize clearly. Its 
members have certain solubilities and properties in common but are rather 
diverse in their chemical constitution. Lipids include the fats and other ecom- 
pounds which resemble them in physical properties. The terminology in this 
field is in a rather confusing state and various names other than lipid, such as 
lipoid and lipin, have been suggested for this group of compounds. Lipid seems 
to be the one preferred by most biochemists and was suggested by Bloor. It 
was also recommended by the International Congress of Pure and Applied 
Chemistry. According to. Bloor, lipids are compounds having the following 
characteristics: a. Insolubility in water and solubility in one or more organic 
solvents, such as ether, chloroform, benzene, acetone—the so-called ‘‘fat 
solvents.’’ b. Some relationship to the fatty acids as esters, either actual or po- 
tential. ce. Possibility of utilization by living organisms. 

Bloor’s classification is quite generally adopted in this country and is as 
follows: 


I. Simple lipids—Esters of fatty acids with various alcohols 
1. Neutral fats: esters of fatty acids with glycerol 
2. Waxes: esters of fatty acids with monatomic alcohols higher 
than glycerol 
(a) True waxes: products of both animal and vegetable origin 
in which the esters are composed of palmitic, stearic, oleic, 
or other higher fatty acid esters of cetyl alcohol 
(CH,[CH,],,CH.OH) or other higher straight chain alcohols. 
(b) Cholesterol esters: esters of fatty acids with cholesterol 
(c) Vitamin A esters: palmitic or stearic acid esters of vita- 
min A 
(d) Vitamin D esters 


II. Compound lipids—Esters of fatty acids with alcohols plus other radicals 


1. Phospholipids: Lipids containing phosphoric acid and a nitrog- 


enous base 

2. Glycolipids or cerebrosides: Lipids containing a carbohydrate 
and also nitrogen but no phosphorus and no glycerol 

3. Sulfolipids: Lipids characterized by possessing sulfate groups 


III. Derived lipids—Derivatives obtained by hydrolysis of those given in 
Groups I and II which still possess the general physical charac- 

teristics of lipids 

1. Saturated and unsaturated fatty acids 

2. Monoglycerides and diglycerides 
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3. Alcohols 
(a) Straight chain alcohols: water-insoluble alcohols of higher 
molecular weight obtained on hydrolysis of waxes 
(b) Sterols 
(c) Alcohols containing the B-ionone ring: these include vita- 
min A and certain carotenols 
4. Hydrocarbons 
(a) Aliphatic hydrocarbons: these include iso-octadecane found 
in liver fat and certain hydrocarbons found in beeswax and 
plant waxes 
(b) Carotenoids 
(c) Squalene: a hydrocarbon found in shark liver oil and in 
human sebum 
(d) Vitamins D, E, and K 


FATS 


As stated in the classification, fats are all esters of the trihydric alcohol, 
glycerol, and certain, but not all, organic acids. 


The type formula for a fat is: 


H O 

| | 
H—C—O—C_R, 

O 

| 
H—C—O—C_R, 
| O 

| 
H—C—O—C—R, 


R,, R,, and R, represent fatty acid chains which may or may not all be the 


same. Since all three of the glycerol aleohol radicals are esterified, fats are 
termed ‘‘triglycerides.’’ Some typical fats are: 


a x 
OH, 0 +$— 0.5. CH oft Gar 
Va ° ; 
SY ae 4 
H—O—G6 a Cals Be H—O—C—(C,,H,, 
7 | ‘ 
CH,— oO — C — O75 2 CH,— O ‘= if C,,H,, 
Tripalmitin 


Stearo-diolein 


VA 
CH,— o— g_ C,.H;, 
O 


4 
aha 


CH,— 0 — f— C,,H3, 


Palmito-oleostearin 
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é It is questionable whether natural fats consist of mixtures of pure glycerides 

like tripalmitin. It is more probable that they are really mixtures of mixed 
glycerides as represented by stearo-diolein and palmito-oleostearin, in which the 
fatty acid residues are all different or there are at least two different ones to 
the molecule. A number of mixed glycerides have been isolated from natural 
fats. The most common fatty acids occurring in the fats are: 


mee C,H,COOH 
aproic C;H,,COOH 
ores | Palmitic  O,H,,COOH 
Stearic C,,H,;COOH 
Oleic C,,H,,COOH 
Unsaturated { Linoleic C,,H,,COOH 
Linoleniec C,,H,,COOH 


Many other fatty acids of both series are found in the naturally occurring 
fats. Capric, lauric, myristic, and arachidic acids may be included in the group 
of saturated fatty acids and clupanodoniec and arachidonic acids in the group 
of unsaturated fatty acids. Two hydroxy acids, ricinoleic and dihydroxystearic 
acid, are constituents of fats in castor oil. Two cyclic acids, hydnocarpic acid 
and chaulmoogrie acid, are of interest because chaulmoogra oil, in which they 
are combined, is used in the treatment of leprosy. 


Isomerism of fatty acids may be of several types. The saturated chains 
may be straight chains or branched. Thus, there is normal butyric acid, 


CH 
CH,.CH,.CH,.COOH, and its isomer, isobutyric acid, ory DCH COOH. In un- 


saturated fatty acids, isomerism may be due to the position of the double bond 

in the chain. Still another type of isomerism depends upon the spacial arrange- 

ment. The double bond limits the free rotation of the carbon atoms at this 

linkage and therefore two forms are possible. If R, and R, represent the two 

ends of the molecular structure, we have two forms, termed cis and trans forms: 
R,—_C—H R,—_C—H 


and 
R,— H H— R, 


Cis Trans 


Oleic acid has such an isomer which is useful in physiological experiments, be- 
cause the body apparently does not distinguish between them. However, the 
isomer, elaidic acid, has characteristic differences which permit its separate 
isolation and analysis. Therefore, if elaidic acid is administered to an animal 
its travels can be followed and one can infer how oleic acid is handled under 


the same conditions. 


CH, . (CH;),.C.H CH, . (CH,),.C.H 
HOOC. (CH;,),.C.H H—C. (CH,),. COOH 
cis trans 


Oleic acid Elaidie acid 
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Physical Properties of Fats 


The hardness, or consistency, of fats is related to their melting points, 
which are not sharp, since the natural fats are mixtures rather than pure sub- 
stances. The solidification points are considerably lower than the melting points. 
Glycerides of the lower fatty acids melt at lower temperatures than those of the 
higher fatty acids, and the unsaturated fatty acid glycerides still lower. Many 
of these, triolein, for example, are liquid at room temperatures and are com- 
monly called ‘‘oils.’’ The term ‘‘oil’’ is rather confusing because it is often 
used for substances having no relation to the lipids, such as mineral oil, which 
is a mixture of hydrocarbons, and oil of vitriol, which is concentrated sulfuric 
acid. It should, therefore, be understood that the word ‘‘oil’’ indicates the 
physical state of a substance, not its chemical nature. The hardness of common 
fats depends largely on the relative amounts present of fats containing long- 
chain saturated fatty acids, like palmitic and stearic acids, and those contain- 
ing unsaturated fatty acids like oleic and linoleic acids. The former are solid 
and the latter liquid at room temperature. There are larger proportions of the 
soft fats in cold-blooded animals than in warm-blooded animals. This facili- 
tates motility at low temperatures. 

The specific gravity of all fats is less than 1.0. Consequently all fats float 
on water. They are not soluble in water, or at least not to any appreciable ex- 
tent. 

Emulsions of fats may be made by shaking vigorously in water, but, of 
course, emulsifying agents such as gums, soaps, and proteins produce more 
stable emulsions. The emulsification of fats in the intestinal canal is a pre- 
requisite for digestion and absorption. All fats are soluble in ether, chloroform, 
and benzene, as well as in hot ethyl alcohol and hot acetone. 

The flavor of food fats is attributed to foreign substances absorbed by the 
fat either from its natural environment or from materials produced during 
processing. For example, in the manufacture of butter, the bacterial flora are 
carefully controlled in order to impart the distinctive flavor to the food. 

The color of human body fat, as well as that of human milk fat, is derived 
from carotene and xanthophyll present in the diet, The amount of these plant 
pigments is very small, only 5 or 6 mg. being present in a kilogram of fat. 


Hydrolysis of Fats 


The fats may be hydrolyzed by superheated steam, by alkalies, or by the 
specific fat-splitting enzymes, the lipases. They yield glycerol and the con- 
stituent fatty acids: 


O 
VA 
CH= ped 0H. CH,OH 
0 
Vy 3 HO + 3C,,H,,COO 
rT eG ates Ae CHOH Dleic. meld 
VA 
CH O20 =¢ He CH,OH 
Triolein 


Glycerol 
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If alkali is the agent used, the alkali salts, or soaps, are formed. 


Triolein + 3NaOH -> Glycerol + 3C,,H,,COONa 
Sodium oleate (a soap) 


In this type .of reaction, the hydrolysis is called a saponification. Soaps can, 
of course, also be formed by causing alkali to react with the fatty acid. Both 
products of saponification are of interest from several aspects. 


Glycerol 


Glycerol, commonly called ‘‘glycerin,’’ is the simplest trihydrie alcohol, 
It is a colorless, oily fluid with a sweetish taste. Besides being a by-product in 
soap manufacture, it is also obtainable in the fermentation of glucose by chang. 
ing conditions in such a way as to decrease the formation of CO, and alcohol. 
It is miscible with water and alcohol in all proportions but is almost insoluble 
in ether. With dehydrating agents, acrylic aldehyde, or ‘‘acrolein,’’ is formed. 


CH,OH CH, 
| 

CHOH ba 
é — 2H,O + | ~O 

a 

HOH Ce 
: \ 

Glycerol Acrylic aldehyde 


Acrolein has a very acrid odor and therefore is easily detected. Any compound 
containing glycerol will give an acrolein test. 

Glycerol finds many uses in industry as a result of its solubility, its solvent 
action, and its hygroscopic nature. Many pharmaceutical and cosmetic prepara- 
tions have glycerol in their formulas. When treated with nitric acid, it forms 
elycery] trinitrate, or ‘‘nitroglycerin”’ 


CH,(ONO,) 
CH (ONO,) 
CH,(ONO,) 


This is an important explosive either alone or as a constituent of dynamite and 
smokeless powders. In medicine, nitroglycerin is a vasodilator, of great value 
in diseases of the circulatory system. 

Physiologically, glycerol, a product of fat digestion, has a definite nutritive 
value. It has about the same caloric value as the sugars and probably follows 
a similar course when it is utilized by the cells of the body. 


Soaps 


Soaps are salts of the nonvolatile acids whose esters form the fats. How- 
ever, the common soaps are those of sodium and potassium. Sodium soaps are 
the ordinary hard soaps, while potassium soaps are soft. When potash was 
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cheaper than soda, soft soap was a common household article, but there is no- 
longer any point in using the less convenient and now more expensive potas- 


sium soap. 

The floating soaps are made light by beating air bubbles into the hot melted 
soap and then chilling it and trapping the air. Most household soap has sodium | 
carbonate or sodium silicate added to overcome the hardness of water. Scour- 
ing soap has an abrasive added, and laundry soap may have naphtha or other 
special ingredients. Most toilet and household soaps have perfume added, not 
only for the pleasing aroma, but also to prevent the soaps from becoming rancid. 
Transparent soap acquires this property by the incorporation of sugar. Shaving 
soaps are in part potassium soaps of coconut and palm oils. Castile soap Is a So- 
dium olive oil soap and green soap is sodium and potassium linseed oil soaps 
mixed. Many household soaps contain a certain amount of soap prepared from 
rosin mixed with the ordinary type derived from fats. 

In general, soaps have a slightly alkaline reaction because of hydrolysis. 


R.COO- + H.OH = R.COOH + OH- 
Nat Nat 


In order to prevent irritation of the skin as a result of this alkalinity, toilet 
soaps sometimes are modified by adding an excess of fatty acids or a larger pro- 
portion of sodium oleate. The latter is not as readily hydrolyzed as most of the 
other sodium soaps. 

The heavy metals produce insoluble soaps which are of relatively little im- 
portance, Zine stearate is an exception. This is a white powder having a greasy 
feeling. It is soft, water-repellent, and mildly antiseptic and astringent and 
is used as a dusting powder, particularly for babies. 


The cleansing action of soaps is probably due to the fact that they are very 
effective emulsifying agents. Most dirt is held to surfaces by greasy substances. 
By emulsifying and washing away the grease the dirt is carried away. Soapy 
solutions also can wet and penetrate into oily textures because of their low 
surface tension. This is an additional aid in the cleansing action. 


Insoluble Soaps and Hard Water.—Ordinary sodium soaps are not very 


soluble, although we usually consider them go. They are easily precipitated 
by strong salt solutions which is one re 


ason why the common soaps are useless 
in sea water. T 


he calcium and magnesium Soaps are even less soluble, and if 
sodium soap is added to water containing these ions, the soap is immediately 
precipitated as the insoluble ecaleium or Magnesium soaps, which, of course, 
do not lather or cleanse, Water containing either or both ealeium and mag- 
nesium ions is called hard water. Hard water is not harmful for drinking 
purposes. If it contains more than ordinary amounts of salts, it may have a 
slightly salty flavor which some people like and others do not. The main ob- 
jection to it arises from its precipitation of soap. This continues until all the 
calcium and magnesium ions are combined. Additional soap will then permit 
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of lathering, but this means that more soap will be required. Second, the 
precipitated calcium and magnesium soaps cling to washed materials and 
cause them to be harsh and irritating to a sensitive skin. Hardness may be 
‘“‘temporary’’ or ‘‘permanent.’’ Temporary hardness is due to the bicarbonates 
of calcium or magnesium and is so-called because the water may be softened by 
boiling. The bicarbonate is decomposed and the carbonate precipitated. 


Ca(HCO,), — CaCO, + H,O + CO, 


Permanent hardness is caused by the presence of such salts as are not changed 
by boiling; e.g., the chlorides. Temporary hardness is more conveniently abol- 
ished by the use of slaked lime. 


Ca(HCO,), + Ca(OH), — 2CaCO, + 2H,0 


There are several salts which will soften permanently hard water, among them 
sodium carbonate, borax, and trisodium phosphate. 


CaCl, + Na,CO, — CaCO, + 2NaCl 


A combination of lime and sodium carbonate is utilized industrially (the 
Porter-Clark process). The resulting insoluble calcium and magnesium com- 
pounds are filtered off. Another method is more adaptable to homes, laundries, 
and hospitals and is gaining in popularity. It is the permutit process. Permutit 
is an artificial zeolite—sodium aluminum silicate, Na,Al,Si,0,—which we may 
represent as Na,Zeo. In contact with hard water an exchange of the Ca or Mg 
for the Na occurs, and the water is thereby softened. 


Na,Zeo + CaCl, — CaZeo + 2NaCl 


This is accomplished by permitting the hard water to filter through a column 
of the zeolite. Eventually the zeolite will become depleted of all its sodium. It 
is then regenerated by allowing a sodium chloride solution to filter through it. 


CaZeo + 2NaCl — Na,Zeo + CaCl, 


After the initial installation the only cost is that of the sodium chloride needed 
for regeneration. This is very little in comparison with the cost of soap saved 
by the water-softening operation. In toilet soaps coconut oil is added to the other 
fats to increase the lathering property, and for marine and hard-water soaps 
both palm and coconut oils are used in greater proportion. These oils are rich 
in laurin, eaprin, eaprylin, and caproin, and the soaps derived from these fats 
are not as easily salted out as those derived from the common fats, and their 
calcium and magnesium soaps are much more soluble. 

The New Detergents.—The use of the newer ‘‘nonsoap’’ detergents has found rather 


wide application in the home, in industry, and in medicine. Most of the detergents fall into 
three groups: (1) The anionic are exemplified by certain alkyl sulfates, such as the sodium 
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Cc 


salt of lauryl sulfuric acid, sulfated esters, such as the sulfated lauryl monoglyceride, sulfated 
amines, and various sulfonates, (2) The cationic group contains quaternary ammonium salts 
containing a long aliphatic chain. (3) Among the nonionic detergents are esters and ethers, 
such as ‘‘Tween 40,’’ the palmitic acid ester of a sorbitan polyethylene derivative. These 
are all good wetting agents and emulsifiers and therefore good cleansers. Since they are not 
soaps, they are independent of the hardness of water and are being used in increasing volume 
in the home. Furthermore, soaps sometimes cause dermatitis or may be irritating to diseased 
skin, and a nonsoap detergent may be desirable. Some of these detergents have also been 
shown to be nontoxic when taken by mouth and have been used as agents to bring into solution 
or emulsion difficultly soluble foods or remedial substances. 


Unsaturation 


Fatty acids which contain one or more double bonds in their chains are 
said to be unsaturated. In the oleic acid series there is only one such unsatu- 
rated linkage. Oleic acid is the most widely distributed acid of this or any 
other fatty acid series. Its double hond, —CH—CH—, occurs exactly in the 
middle of the chain. By adding hydrogen, the unsaturated acids are converted 
to saturated. 

ist isl 
OH, (CH,) —0=¢-—(CH,) COOH Oleic acid 


+ 4H, 
CH,(CH,),—CH,—CH,— (CH,) ,COOH Stearic acid 


Hydrogenation changes the liquid oleic acid, which solidifies at about 3° C., 
to solid stearic acid, which melts at 60 to 65° C. In this way soft fats contain- 
ing large proportions of triolein are converted into hard fats. The hydrogena- 
tion is catalysed by finely divided nickel. This transformation of soft fats of 
vegetable or animal origin into more savory cooking fats and margarines is 
a large industry in this country. 


Unsaturated fatty acids are also oxidizable at the point of unsaturation. 
They form peroxide derivatives 


H H Ns ie DR Sk 


be 
—C=C—- -—-> Py Ma 


bt 
O—O 


are ‘also to Some extent other derivatives, such as aldehydes, ketones, and 
aci F having smaller chains. The “‘drying oils,’’ used in paints, owe their 
see aes Ks the fact that they contain highly unsaturated oils which 
spheric oxidati i il i ili 
ante ion are converted to hard films. Linseed oil is a familiar 


Rancidity 


ee ck at A exposure to air develop an unpleasant odor and flavor. This 
pment of rancidity results from the hydrolysis of the fat probably to 


Or ] 1 x i i 
uy a slight extent. This leads to the liberation of volatile fatty acids having 
> 
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miore or less unpleasant odors. Simultaneous oxidation of the unsaturated 
acid occurs with the formation of the peculiar oxidation products mentioned. 
Light, heat, moisture, and bacterial action are all factors which tend to bring 
about rancidity. Besides their disagreeable properties, the rancid fats and oils 
may have distinctly unphysiological effects by oxidizing a number of essential 
dietary substances (see Chapter 17). The rate of production of rancidity varies 
with the individual fat, as well as being influenced by bacterial growth, ete. 
There are present in the nonsaponifiable fraction substances which inhibit the 
auto-oxidation of the fats. They are called ‘‘antioxidants’’ and occur in dif- 
ferent concentrations in the various natural fats. This explains why some fats 
keep better than others. Compounds possessing this property include certain 
phenols, naphthols, and quinones (Mattill). The most common natural anti- 
oxidant is, perhaps, vitamin E. It is often added to foods and other materials 
to prevent the production of rancidity. 


Identification of Fats and Oils 


It is frequently necessary to identify a pure fat or to determine the pro- 
portions of different types of fat in a mixture. Besides the melting and con- 
gealing points, several other values may be ascertained. These depend upon 
certain chemical, physical, and structural characteristics of the fatty acid frac- 
tion. The more important are the iodine number, the saponification number, 
the Reichert-Meiss] number, and the acetyl number.* 


Iodine Number.—The unsaturated fatty acids take up iodine and other 
halogens at the point of unsaturation, yielding saturated halogen derivatives. 
Consequently, the degree of unsaturation of fats may be determined by ascer- 
taining how much iodine a given quantity will absorb. The result is called 
the ‘‘iodine number.’’ This is defined as the number of grams of iodine that 
is absorbed by 100 grams of fat. The determination of the iodine number is 
very useful to the chemist in determining the quality of an oil or its freedom 
from adulteration. For example, the iodine number of cottonseed oil varies 
from 103 to 111, that of olive oil from 79 to 88, and that of linseed oil from 
175 to 202. A commercial lot of olive oil which has an iodine number some- 
what higher than 88 might have been adulterated with cottonseed oil. Again, 
a shipment of linseed oil with an iodine number lower than 175 might also 
have been adulterated with the same oil. 

Saponification Number.—Since each carboxyl of a fatty acid reacts with 
one molecule of NaOH or KOH in a saponification, it is evident that the amount 
of alkali needed to saponify a given quantity of fat will depend upon the num- 
ber of carboxyls present. Fats containing short-chain acids will have more 
earboxyls per gram than long-chain acids and will take up more alkali. The 
‘“sanonification number’’ therefore becomes another criterion of value, giving a 





*The procedures for these as well as many other quantitative methods in food analysis 
will be “ete in Official and Tentative Methods of Analysis of the Association of Official 
Agricultural Chemists, ed. 6, Washington, 1945, Association of Official Agricultural Chemists. 
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elue as to the average size of the fatty acid chain in the fat under investigation. 
It is defined as the number of milligrams of KOH necessary to neutralize the 
fatty acids in 1 gram of fat. Butter, containing a larger proportion of short- 
chain fatty acids, such as butyrie and caproic acid, than other common fats, has 
the relatively high saponification number of 220-230. Oleomargarine, with more 
long-chain fatty acids in its composition, has a saponification number of 195 or 
less. 

Reichert-Meiss] Number.—This measures the amount of volatile soluble 
fatty acids. By saponification of the fat, acidification, and steam distillation, 
the volatile soluble acids may be separated and determined quantitatively. The 
Reichert-Meiss| number is the number of cubie centimeters of 0.1 N alkali re- 
quired to neutralize the soluble fatty acids distilled from 5 grams of fat. 
Butterfat is the only common fat with a high Reichert-Meissl number and this 
determination, therefore, is of interest in that it aids the food chemist in detect- 
ing butter substitutes in food products. 

Acetyl Number.—Some of the fatty acid residues in fats contain hydroxyl 
groups. In order to determine the proportion of these, they are acetylated by 
means of acetic anhydride. The acetylated fat is then saponified with KOH. 
The fatty acids are liberated by H,SO, and the acetic acid is separated from 
the insoluble fatty acids and titrated with standard alkali. The acetyl number, 
which is thus a measure of the number of hydroxyl groups present, is the 
number of milligrams of KOH needed to neutralize the acetic acid of 1 gram 
of acetylated fat. Examples of the values for certain oils are given below. 
The applications to adulteration are evident. 


ACETYL NUMBER ACETYL NUMBER 
Castor oil 146-150 Cottonseed oil 21-25 
Cod-liver oil pal Olive oil 10.5 
Peanut oil 3.6% 


Essential Fatty Acids 


As will be seen later, the fats have a very high value as sources of energy 
to the body. Besides this, certain fatty acids appear to have specific nutri- 
tional importance. Burr and Burr have shown that skin lesions occur in rats 
on a fat-deficient diet and that these may be cured by the addition of linolenic 
linoleic, and arachidonic acids, or of fats containing these unsaturated aade 
Although animals are capable of desaturating fatty acids, and thus peda 
unsaturated acids, they do not seem to be able to form these particular ones. 


Therefore, these fatty acids may be called essential. Steenbock and his eco- 


workers have reported that these same fatty acids have curative properties 

a the skin affections caused by lack of vitamin B., which ean, of course, also 
* . . . . . . ; 

e cured by administration of this vitamin. This does not mean that the un- 


saturated fatty acids are vitamins, but that they undoubtedly play some im- 
portant role, as yet undetermined, in metabolism. 
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WAXES 


Waxes are esters of fatty acids with certain aleohols—not glycerol and 
not the sterols. They are insoluble in water but are soluble in the fat solvents. 
They are not as easily hydrolysed as the fats and are not digested by the fat- 
splitting enzymes. Therefore, they are of no value from a nutritional stand- 
point. Examples are beeswax, spermaceti, Chinese wax, and carnauba wax. 

Beeswax is secreted by the honeybee to form the comb. It is a mixture 
of waxes, the chief ingredient being myricyl palmitate. Spermaceti is likewise 
a mixture. It is found in the skull of certain whales and dolphins. It is 
chiefly cetyl palmitate and was formerly used in the manufacture of candles. 
Chinese wax and carnauba wax are derived from the cuticle of leaves. These and 
other vegetable waxes are of value from an industrial standpoint as ingredi- 
ents of shoe polish, varnishes, candles, etc. 


STEROLS 


Sterols are complex monohydroxy alchohols found in both plant and ani- 
mal tissues. They belong to the group of compounds known as eyclopentano- 
perhydrophenanthrenes, which have recently been designated ‘‘steroids.’’ These 
have a four-ring structure, which is shown below with the rings lettered and 
the carbon positions numbered. R indicates an aliphatic side chain. 


R (C 20, etc.) 





Steroid Nucleus 


Those carbons numbered above 17 are not present in every steroid com- 
pound. The steroids differ from each other in the arrangement of double bonds 
in the rings and in the presence of oxygen or of hydroxyl or other groups, and, in 
certain cases, there may even be a break in one of the rings. This numbering 
system is frequently referred to in biochemical and clinical literature. Among 
the steroids are included the sterols, the bile acids, the sex hormones, the 
adrenal cortical hormones, the cardiac aglycones, and the D vitamins. 

Many of the steroids are known by common or ‘‘trivial’’? names which 
do not indicate their structure but which are retained because of long usage; 


86 HUMAN BIOCHEMISTRY 


e.g., androsterone, progesterone, estrone. They, as well as the other steroids, 
can be given more exact designations which will describe their formulas 
rather clearly. The system of nomenclature now generally accepted is as fol- 
lows (see Mason; Fieser and Fieser; Dorfman and Ungar) : 

There are a number of hydrocarbons which are the parent substances of 
different series of compounds. The ending of their names is ane and the most 
important ones are: 


CH, 
on, 
a i ce 
5 
§ amie \ Gis ae 
Etiocholane Allopregnane 
CH, 
ye 


) 
ee 


Nei 
H 


Androstane Pregnane Estrane 


The vertical b ae 
: »onds at the 10 and 13 positions indi ; 
’ ‘ sitions indicate methyl group 
C18 and C19, respectively, yu ps with 
Ar satur: 
hea ; Paola bond changes the name of the hydroearbon to ene: two 
such bonds make it die aA ob 
Reo a S tie it diene, ete. The exact position of the double bond is shown 
a ep sreek letter A with 9 « . en 3 
cs Pe He etter A with a superseript numeral to indicate where the double 
Starts: e SL 2 » j 
Hees ; pits A’-androsterone. The number of the carbon at the end of 
: ) 3 if Y ¢« ‘ oe = S., . * ) 
ae ae bs ond Is also given if it is not the next higher number; e.g., A? 14. 
ae seein Pe ee - €.2. - 
at i ee a eee that the two double bonds vo from C7 to C8 wes: ee 
J 0 C15, while A” *11_androstadj : 
; Stadiene means that th . 
— ire ; e second doubl 
this case goes from C9 to C1] (not from C9 to C10) e bond in 
If an oxygen ; es : ce 
Raat aee oxygen atom is introduced in place of a hydrogen, the suffix is 
< 0 0 i oy]. : - ’ ‘ > 
5 ne, or the syllable one is added, with a number to indicate its po 
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sition. Similarly o/ is used for a hydroxyl; e.g., A * °-estratriene-3-ol-17-one 
indicates that the compound has the estrane configuration but with three double 
bonds from C1 to C2, C3 to C4, and C5 to C6; it also has a hydroxyl at C3 and 
an oxygen at C17. 


It is obvious that there are many asymmetric carbons in the steroid mole- 
cule and that in some cases it might be necessary to show precisely how a 
given substituent is oriented. Configurations relative to the molecule as a 
whole are designated @ if the orientation of the hydrogen or group corresponds 
to that of the two methyl groups C18 and C19 which are presumed to be above 
the plane of the page. A full line bond is used for such an orientation. mie 
the orientation is opposite the C18 and C19 groups, ie., below the plane of 
the page, it is called a, and a dotted line bond is used. The terms trans and 
cis are also applied to a@ and B, respectively. 


The principles just presented will be understood if the following strue- 
tures are compared with the names beneath them. 


CH, 
| 
OH oO) 
we. A 
GON GIN/ 
Testosterone Progesterone 
A*- Androstene-3-one-17 (a) ol A*-Pregnene-3,20-dione 
Cholesterol 


Cholesterol is perhaps the most important sterol; it is very widely dis- 
tributed and has been known and studied for many years. Its structural 


formula is: 
CH; CH, 


| 
dg _cH,—cH,—cH,—CH—OH, 
CH, | 








Cholesterol 
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Since there are eight asymmetric carbons, there are, theoretically, 256 possible 
stereoisomers. Cholesterol is probably a constituent of all animal cells; the 
corpus luteum and the adrenal cortex are particularly rich in this lipid. It is 
present in blood and bile and is usually a major constitutent of gallstones from 
which it was first isolated. The name cholesterol is from the Greek words 
meaning ‘‘solid bile.’’ For study it may be readily obtained from gallstones 
or from nervous tissue, where it is also found in high concentration. It is 
soluble in many ‘‘fat solvents,’’ such as ether, chloroform, benzene, and hot 
alcohol, and easily crystallizes from such solutions in colorless rhombic plates 
with one or more characteristic notches in the corners (see Fig. 9). Since it has 
an unsaturated bond, it will take up two halogen atoms. It is not saponifiable. 

Cholesterol gives a number of color reactions. These enable one to test for 
it both qualitatively and quantitatively. A beautiful series of colors is obtained 
by the Salkowski reaction. The chloroform solution of cholesterol is stratified 
over concentrated sulfuric acid. The acid assumes a yellowish color with a green 
fluorescence, while the chloroform layer becomes first bluish red, then gradu- 
ally violet-red. If the chloroform solution is poured into a porcelain evaporat- 
ing dish, it changes to violet to green to yellow. If to a chloroform solution 
of cholesterol there are added acetic anhydride and concentrated sulfuric acid 
(under as nearly anhydrous conditions as possible) a blue to violet color 


ie 
YY 


Fig. 9.—Cholesterol crystals. 


es saa which changes to emerald green. Under carefully controlled con- 
itions the green color produced is proportional to the amount of cholesterol 
Ao aah Consequently this reaction, the Liebermann-Burchard reaction, has 
peste ae basis for the quantitative estimation of cholesterol in blood and 
: a io ogical materials. In clinical work jt is sometimes necessary to 
ai, ri a meee and cholesterol esters separately. In order to 
Bae TR ‘i vantage is taken of the fact that free cholesterol unites 
Bere ms © form cholesterol digitonide. This is insoluble in petroleum 
» In which the cholesterol esters are freely soluble (Bloor and Knudson) 


Other Important Sterols 
There is present beneath the 


PL ee skin i 
This differs from cholesterol om an important sterol, 7-dehydrocholesterol. 


ly in having a second double bond, namely, 
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between the C7 and C8, and, therefore, only one H at C7 and none at C8. It is 
found in other tissues as well as the skin, probably along with cholesterol, but 
its special interest lies in the fact that when the skin is irradiated with ultra- 


violet light, this sterol is converted to one of the D vitamins, This explains the 
value of sunshine in preventing rickets. 


CH, CH, 


du—ox,—cn,—cx,—da—cu, 
CH, | 


LINO 





ies 
CH; 











A. ae 
eee ZEN 7 
7-Dehydrocholesterol 
CH, CH, CH, 
Fee ee ret Cen 
CH, 
| 
CH, ga 
oN. ‘Ty 
ie NS, 


Ergosterol 


In this connection mention should be made of ergosterol. This sterol has 
the same nucleus as 7-dehydrocholesterol but differs slightly in its side chain. 
It may also be converted to a vitamin D by irradiation with ultraviolet. Hach 
of these sterols, therefore, is called a ‘‘pro-vitamin D.’’ Ergostero] was first 
isolated from ergot, a fungus of rye, and later from yeast and certain mush- 
rooms. Stigmasterol and sitosterol are among the other sterols occurring in 
the higher plants, but there is at present no evidence that they have any 
nutritional value for man. On the other hand, the sterols of animal origin, 
notably cholesterol, are probably absorbed from the intestinal canal and 
utilized. However; all animals, herbivorous as well as carnivorous, can 
synthesize cholesterol from other dietary factors. This must occur to a very 
considerable degree, because whether or not cholesterol is in the diet, it is 
continually being excreted by way of the bile. No doubt some of this is 
reabsorbed, but some continues down the intestinal tract and is largely 
converted to coprosterol. Coprosterol is formed by the hydrogenation of 
the double bond of cholesterol. This is probably brought about by bacterial 
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action. Thus, feces contains coprosterol, cholesterol, and the plant sterols. 
Coprosterol is soluble in chloroform and gives similar, but not identical, color 
tests to those given by cholesterol. Of course, it does not take up halogens. 


PHOSPHOLIPIDS 


The phospholipids, like the sterols, are probably present in all cells, plant 
as well as animal. They are also known as phosphorized fats, phospholipins, 
and phosphatides. Most of them are composed of fatty acids, a nitrogenous 
base, phosphorie acid, and glycerol, inositol, or sphingosine. Three types are 
of interest; i.e., lecithins, cephalins, and sphingomyelins. 


Lecithins 


On hydrolysis, a molecule of lecithin will yield two molecules of fatty acid 
and one molecule each of glycerol, phosphoric acid, and choline. Choline is 
ethanol trimethylammonium hydroxide, or trimethyl hydroxyethylammonium 
hydroxide. The following formulas show how there may be two types of 
lecithins, depending upon the point of linkage of the phosphorie acid to the 
glycerol: 


O O 
VA VA 
H,—C—O—C—R, H,—C—O—C—R, 
O O 
VA VA 
Gare LY, oar, Meas Hee =0eF 26H 
O oe CH 
ay 0-CH,—CH,_NZCH 
H—C—O-P O | \CH, 
| OH Wj OH 


7/oUs H,—C—O—C—R, 
O—CH,—CH,—_N—CH, 

| \CH, 

OH 
a-Lecithin 8-Lecithin 

The R, and R, represent such fatty acid chains as oleic, stearic, ete. There are 
accordingly many different lecithins. The lecithins are soluble in many fat 
solvents including ether, chloroform, benzene, and hot alcohol. They are not 
soluble im acetone; this property is used in separating them (and other phospho- 
lipids) from cholesterol and fats. Although insoluble in water, they readily 
emulsify in it and have a ereat affinity for it. When first prepared, they are 
white waxy solids but are quickly oxidized and become very dark in color 
The lecithins may be saponified by alkalies, which completely disrupt the 
molecule, yielding glycerol, soaps, choline, and phosphate. They may also be 
hydrolyzed by lecithinases, specific enzymes which attack the lecithins. A 
lecithinase In cobra venom ean split off an unsaturated fatty acid rodnen 
lysolecithin, a substance which has the power of hemolyzing ik blood ae 
puscles. This is the explanation of the toxicity of this venom as well as of 
that of certain poisonous spiders and certain other stinging Tee Another 
lecithinase can split off both fatty acids; another, a phosphatase, han nasties 


off the phosphorie acid; and still another removes choline from the molecule 


(Hanahan and Chaikoff). (See page 464.) 
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Cephalins 


The cephalins resemble the lecithins in structure except for the com- 
ponent corresponding to choline. This was formerly thought to be ethanolamine 
in all cases. However, Folch and his associates have shown that brain cephalin 
is a mixture of phosphatides containing ethanolamine, serine (alpha-amino-beta- 
hydroxy propionic acid), and inositol. The serine-containing phosphatides seem 
to be much less in amount than the other phosphatides. (Artom.) They can be 
separated from one another because of marked differences in solubility in mix- 
tures of chloroform and alcohol. Typical cephalins are: 


O O 
VA VA 
H,c_o_¢_R, H,C—O—C—E; 
[> O 
VA 
i —C—O—C-—R, COC, 
O O 
U Y 
eh a —OH H,C—O—P—OH 
| 
O-C,H,NH, O—CH,—CH (NH,) COOH 
Phosphatidyl ethanolamine Phosphatidyl serine 


A eephalin is probably concerned in blood clotting. The cephalins have 
practically the same solubilities as the lecithins, with one important exception : 
The cephalins are insoluble in either ethyl or methyl alcohol. They are al- 
ways associated with lecithins in tissues and most lecithin preparations are 
really mixtures of these phospholipids. 

The inositol phosphatides comprise lipositol and diphosphoinositide. Lipo- 
sitol was obtained from soybeans. It contains, besides inositol, galactose, 
oleic acid, and phosphoric acid. (Woolley.) The presence of galactose would 
seem to relate lipositol also to the glycolipids (see page 93). Diphosphoinosi- 
tide appears to be made up of equimolecular proportions of inositol metadi- 
phosphate, glycerol, and fatty acid (Folch). 


OH 

él O—P=O 

Se 7) he) SOR 
C 
HCOH HCOH 
H 

/o 

HCOH HC—O—P=0 


» ees Nor’ 
© 


He OH 


Inositol metadiphosphate 


In the above formula R and R’ refer to other unknown groups. 
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Sphingomyelins 


The following scheme will show the probable structure of a sphingo- 
myelin: 
| Fatty acid | 


| 
| Sphingosine | 


| 
| Phosphoric acid | 


| 
| Choline | 


Sphingosine is an 18-carbon amine containing two hydroxyl groups: 
CH;—(CH.,),.—CH—CH—CHOH—CHNH.—CH,OH. Dihydrosphingosine, 
which is present in some eases, is the fully saturated compound. (Carter and 
others.) It is evident, therefore, that the sphingomyelins contain two nitrog- 
enous bases, one fatty acid, and one phosphoric acid to each molecule. The 
fatty acids found in the sphingomyelins of nervous tissue appear to be limited 
to stearic, lignoceric, and nervonie acids, whereas spleen and lung sphingo- 
myelin contains only palmitic and lignocerie acids. (Thannhauser and Bon- 
coddo.) These lipids are more stable than the other phospholipids. They 
are not soluble in ether or in cold alcohol but are soluble in chloroform, 
benzene, and hot aleohol. From hot alcohol they crystallize out on cooling. 
They rotate the plane of polarized light to the right. Sphingomyelins oecur 
not only in nervous tissue, but also in other tissues. 


Cardiolipins 


Pangborn has isolated from heart tissue a new kind of phospholipid, a cardiolipin. This 
contains unsaturated fatty acids and a ‘“polyester’’ of glycerol and phosphoric acid. The 
formula might be represented as follows, G representing glycerol and P phosphorie acid: 


Fatty acid 
G—P—G—Fatty acid 


Fatty acid 
P—G—Fatty acid 
| Fatty acid 


P—G 
Fatty acid 


It has been suggested by Folch-Pi and Sperry that the terms *“lecithin,’? *¢ 
and ‘sphingomyelin’? be aba : ibly 
have been used indiscriminately to refer sometimes to 
times to fractions, defined by their solubilities, w 


one compound. As a result there has been much confusion in the literature. They propose 
the adoption of the names ‘“phosphoglycerides, ’’ ‘“phosphoinositides,’’? and ‘“phospho- 
sphingosides’’ to designate, of course, those phospholipids containing glycerol, inositol, and 
sphingosine, respectively. Under this scheme, the phosphoglycerides would include what was 
formerly called lecithin, i.e., phosphatidyl choline, as well as the ‘*cephalins, ’’ phosphatidyl 
serine and phosphatidyl ethanolamine. Cardiolipins would also belong to this group. 


definite chemical compounds and some- 
hich consequently may consist of more than 
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GLYCOLIPIDS 


The glycolipids on hydrolysis yield a sugar, usually galactose, sphingosine, 
or dihydrosphingosine, and fatty acid. Thus, they contain nitrogen but no 
phosphorus. Like sphingomyelin, the glycolipids are almost insoluble in 
ether but they are more soluble in acetone than are the phospholipids and are 
also soluble in hot aleohol, benzene, and chloroform. The cerebrosides are 
hydrolyzed by boiling with acids but are more resistant to action by alkalis. 
No enzymes capable of splitting them have been found. 


The glycolipids occur in large amounts in the medullary sheaths of nerves 
and in brain tissue, particularly in the white matter of the brain, and are often 
ealled cerebrosides. They are not found in embryonic brain but develop as 
medullation progresses. Three glycolipids have been isolated from brain: 
kerasin, phrenosin, and nervone. It is believed that they differ only in the 
individual fatty acids present. 


By long hydrolysis with barium hydroxide any cerebroside will yield 
psychosin, which in turn ean be hydrolyzed to sphingosine and galactose. 
Psychosin contains a free amino group and does not reduce alkaline copper 
solutions. Therefore, galactose is probably linked to sphingosine through its 
aldehyde group. Since the cerebroside itself does not act as an acid or base 
and has no free amino group, it is evident that the carboxyl of the fatty acid 
is attached to the amino group of sphingosine. 


Thus a cerebroside, or glycolipid, is built on this plan: 


| Fatty acid | 


| 
| Sphingosine | 


| Galactose | 


Glycolipid Type Structure 


In Gaucher’s disease, a congenital and familial derangement, kerasin is 
deposited along with other lipids in the spleen and liver. As much as 10 to 14 
per cent of the dry weight of the spleen has been found to be kerasin in this 
condition, and glucose appears to be present in one or more of the cerebrosides 
isolated. (Klenk and Rennkamp.) 

A group of compounds similar to the cerebrosides, and perhaps classifiable with them, is 
the gangliosides, found in the ganglion cells by Klenk. The ganglioside contains one molecule 
each of stearic acid, sphingosine, and neuraminic acid and three molecules of a monosaccharide. 
Normally the sugar is galactose; pathologically it may be glucose. Neuraminic acid has the 
formula C,,H,,NO,. 
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Chapter 5 
PROTEINS 


In 1839 Mulder recognized that a large group of important substances 
had similar general characteristics. These were nitrogenous compounds of 
biological origin and, at Berzelius’ suggestion, since they seemed to be of 
fundamental importance, he called them proteins, from a Greek word meaning 
*“preeminence.’’ 

Proteins are probably the most complex of all the known biological sub- 
stances. They are also probably the most important because, as foods, they are 
the only sources of the nitrogenous complexes necessary to build protoplasm, and 
protoplasm itself has as its basis these same compounds, the proteins. Accord- 
ingly, we find proteins in all animal and vegetable cells, and many of the enzymes 
and hormones which accomplish cell activities are proteins. They have been 
synthesized only by living cells. 

Egg white is almost entirely a solution of proteins, and egg yolk, lean meat, 
fowl, fish, cheese, nuts, legumes, and some cereals are other good sources of 
protein in our diet. They are, in general, the most expensive foods, as they are 
the most palatable and essential ones. 


Before 1850 the protein materials obtained for study were mixtures of many things be- 
sides proteins. About that time, Ritthausen, a German investigator, isolated plant proteins in 
relatively homogeneous form. He obtained crystalline globulins from many plant seeds. Later, 
Hoppe-Seyler and Denis purified animal proteins but were unable to achieve the same degree 
of purity that Ritthausen did. An American biochemist, T. B. Osborne, continued and ex- 
panded Ritthausen’s protein studies. He prepared and classified many plants and animal pro- 
teins. He analyzed them for their constituent amino acids and emphasized the differences 
in their constitution. In 1905 he predicted, on the basis of their chemical composition, that 
plant and animal proteins would prove to have different nutritional values. 


All proteins contain carbon, hydrogen, oxygen, and nitrogen; most of them 
also contain sulfur, and some contain phosphorus. A variety of other elements 
are present in various proteins, including iron, iodine, copper, manganese, and 
zine. The size of the protein molecule is enormous and hence all are colloids, 
except a few of the simplest decomposition products which are really small 
fragments of the huge molecule from which they were derived. 

The approximate molecular weights of proteins range from 5,000 to 
25,000,000, Most of the typical or more common proteins have molecular 
weights within a somewhat narrower range, perhaps 5,000 to 1,000,000. It is 
probable that the higher figures will be found to apply to polymers of the 
proteins, the unit having a considerably lower molecular weight. 

In general, protein solutions are opalescent and exhibit the Tyndall 
phenomenon. Although most proteins are amorphous under ordinary condi- 
tions, many have been crystallized; the globulins of many seeds are obtainable 


in crystalline form, as are the oxyhemoglobins, insulin, many enzymes, and 


some pituitary hormones. 


ie] 
oO 
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Decomposition of proteins by hydrolytic agents yields chiefly various 
alpha-amino acids as final products. This result is obtained no matter what 
mode of hydrolysis is used—dilute acids, dilute alkalies, or protein-digesting 
enzymes. Alpha-amino acids have the following type formula: 


H 


| 
R—C—COOH 

| 

NH, 
The R may be a hydrogen, an aliphatic, an aromatic, or a heterocyclic radical. 
Proteins, therefore, consist entirely, or largely, of combinations of alpha 
amino acids. 

Miller has shown that amino acids are formed when CH,, NH;, H,O, and H, are circu- 

lated past an electric discharge. This was done in order to simulate possible primitive earth 
conditions, which, it has been suggested, postulate an atmosphere of these gases as the pre- 


cursors of the organic compounds, which serve as the basis of life, rather than CO,, N2, O., 
and H,0. The amino acids produced were glycine, a-alanine, B-alanine, and perhaps others. 


CLASSIFICATION 


The different kinds of proteins are classified chiefly on the basis of their 
solubilities and other physical properties. It cannot be done as yet on the basis 
of their chemical composition because of the complexity of the protein molecule. 
First, they may be divided into three general groups: (1) simple proteins—pro- 
tein substances which yield, on complete hydrolysis, chiefly alpha-amino acids, 
(2) conjugated or compound proteins—compounds of a protein with some other 
molecule or molecules (called the prosthetic group), and (3) derived proteins— 
products formed by the action of heat and other physical forces, or by hydro- 
lytie agents. 


The three main groups of proteins are further subdivided. 


I. Simple Proteins 


A. Albumins.—These are proteins which are soluble in water and in dilute 
salt solutions and are coagulable by heat. They are precipitated by full satura- 
tion of their aqueous solutions with ammonium sulfate. Examples are oval- 


bumin, serum albumin, and lactalbumin, occurring, respectively, in ege white, 
blood serum, and milk. 


B. Globulins.—Globulins are insoluble in water but are soluble in dilute 
neutral salt solutions; i.e., salts of strong acids with strong bases. They also 
are heat coagulable. Half saturation with ammonium sulfate is sufficient to 
precipitate them. The globulins of egg white 


and of blood serum are examples, 
C. Globins—Globins are usual 


ly referred to as examples of histones but 
should be classified Separately. They are not basic and are not precipitated 
by ammonium hydroxide. They are unique in their ability to combine with — 
pigments of the heme class to form hemoglobins. 
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D. Prolamins.—Proteins which are soluble in 70 per cent ethyl alcohol 

at about the neutral pH are called prolamins. They are high in amide nitro- 
gen and in the amino acid proline. They occur in plants. Examples are 
gliadin of wheat and zein of corn. 
E. Histones.—Histones are strongly basic proteins soluble in water but 
insoluble in ammonium hydroxide. On heating, histones yield a coagulum 
which is easily soluble in very dilute acids. They are found in cell nuclei as 
part of the nucleoproteins. 

I’. Protamins.—Protamins are proteins or polypeptides containing rela- 
tively small numbers of amino acids. They resemble histones but are soluble 
in ammonium hydroxide. They occur in cell nuclei. 

G. Albuminoids.—-Albuminoids are characterized by marked insolubility 
in water and in all neutral solvents. The keratins of epidermal tissue are 
albuminoids, as are also the elastins, the collagens, and others. 


II. Compound Proteins 


A. Nucleoproteins.—These are combinations of one or more proteins 
(histones and protamines) with nucleic acids. They are soluble in dilute NaCl 
solution and hence may be extracted from tissues by NaCl, and then precipi- 
tated by acidification or by dilution with water. Chromatin is a nucleoprotein 
and viruses are also probably members of this group. 

B. Glycoproteins.—These are compounds of proteins with a carbohydrate 
group or with substances, other than nucleic acids, containing carbohydrate 
groups. Mucin of the saliva is an example. In general, they are slippery sub- 
stances, and are useful for lubricating or protective purposes. 

©. Phosphoproteins.—Here the prosthetic group joined to the protein in 
ester linkage is phosphoric acid. Casein, the principal protein of milk, and 
vitellin of egg yolk are phosphoproteins elaborated by the maternal organism 
for the use of the young. 

D. Chromoproteins.—These are compounds of proteins with heme or 
some other pigment. Hemoglobins, cytochromes, and flavoproteins are all 
important members of this group. 

E. Lipoproteins.—These are simple proteins united with fatty substances. 
They occur in the blood serum, in brain tissue, eggs, ete. 


III. Derived Proteins 


A. Denatured and Coagulated Proteins—When treated with acids or 
alkalies, or with a variety of other chemical reagents, proteins undergo intra- 
molecular rearrangement. Heat, shaking, or subjection to certain other 
physical forces have similar effects. The proteins are then said to be denatured 
and, if a marked lessening of solubility accompanies this, coagulated. The 
‘‘proteans’’ and ‘‘metaproteins’’ of the original classification of proteins are 
simply denatured proteins and do not deserve distinctive names. 
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B. Peptides.—These are hydrolytic cleavage products. ee ea 
hydrolyzed either by acid or by enzymes, the huge shia m aed 
are broken down irregularly. Thus large and small molecules ue: ; 
broken off, and, as the hydrolysis proceeds, the larger ones wi a 
broken down further and further. Thus, it is easy to see ‘that early in the 
hydrolysis there will be a comparatively large proportion of ve pete 
complex products present and later the mixture will achers simp meen 
simpler substances. The larger fragments were Be ti pee 
the early classification, and the smaller ones, ‘‘peptones.’’ Still smaller chains 
were called ‘‘polypeptides’’ and ‘‘peptides.”’ 

‘““Proteoses’’ were defined as products soluble in water, uncoagulated by 
heat, and precipitated by saturating their solutions with ammonium or zine 
sulfate. ‘‘Peptones’’ were considered those substances having the same prop- 
erties as proteoses except that they could not be salted out but could be pre- 
cipitated by tannic acid. Now it is known that both are miztures of simple 
amino acids and peptide chains of various lengths. The smaller peptide chains 
are precipitable by alcohol. The terms ‘‘proteoses’’ and ‘‘peptones’’ are still 
used commonly for materials employed in the preparation of bacteriological 
media but are being abandoned by protein chemists. 


OCCURRENCE AND PROPERTIES OF THE PROTEINS 


Albumins.—These water-soluble proteins are found both in plant and 
animal tissues. Legumelin in legumes and leucosin in various cereals are 
examples of plant albumins. Ovalbumin, serum albumin, and lactalbumin 
have already been mentioned as examples of animal albumins. There are many 
other animal albumins; e.g., myoalbumin and myogen of muscle, ete. They are 
heat coagulable; that is, on heating to about 75° C. they are changed to products 
which are insoluble in water and dilute acid, alkali, and salt solutions. The 


temperature at which coagulation takes place varies with the protein and also 
with the pH of the solution. 


The albumins may be ‘“‘salted out’? of solution by saturating the solution 
with ammonium sulfate. In fact, all proteins, except the smaller peptide 
chains, may be precipitated by this procedure. The addition of various salts 
to different degrees of saturation precipitates various types of proteins, but 
full saturation with ammonium sulfate precipitates all, with the exception 
mentioned. Proteins thus salted out are not coagulated or otherwise changed 
by this process and may be purified by simply removing the salt used. This 
may he accomplished by dialysis. Salting out is an excellent method of 
purifying proteins, including prote 


in hormones and enzymes, prior to erystal- 
lization. 


Globulins.—Globulins also are distributed in both the 
table kingdoms. There are ovoglobulin and ] 
milk, respectively. Blood plasma contains a 
fibrinogen and alpha, beta, and gamma serum 
tains two or more globulins. 


animal and vege- 
actoglobulin in bird’s eggs and 
t least four globulins, namely, 
globulins, and muscle tissue eon- 
Among the plant globulins may be mentioned 
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edestin from hempseed, which crystallizes rather easily in beautiful octahedral 
erystals, as well as other crystallizable globulins. These are excelsin from the 
brazil nut, legumin from legumes, and the globulins from squash and pumpkin 
seeds. Since globulins are soluble in dilute salt solutions and insoluble in 
water, their presence in solution in blood and other biological fluids is due to 
the salts present. If egg white or blood serum is diluted with distilled water, 
the globulin present will precipitate out, to some extent at least. This method 
may be used to separate albumins from globulins. Another way is to dialyze 
such a mixture against water. As the salt dialyzes out, the globulins pre- 
cipitate. 

Since the globulins are less soluble than the albumins, they are more easily 
salted out. Half saturation with ammonium sulfate is sufficient to precipitate 
them, This may be done by adding to the protein solution an equal volume of 
a saturated solution of this salt. Any albumins present will be unaffected. Full 
saturation with sodium chloride will have the same effect. Thus, albumins and 
globulins may be separated by selective or fractional salting-out procedures. 
Each fraction can then be freed of the contaminating salt by dialyzing it 
against running water or against frequent changes of distilled water. Tech- 
nique of this sort is utilized in purifying ‘‘biologicals,’’? such as diphtheria 
antitoxin. 

Although globulins as a class are coagulable by heat, it must be admitted 
that vegetable globulins coagulate rather incompletely. In fact many of the 
type properties of these as well as other classes of proteins have certain excep- 
tions. That is, all the members of a given group do not necessarily possess the 
Same properties in every respect. This is understandable when we realize that 
the classification is based on a few physical properties rather than on chemical 
composition. 

Albuminoids.—The albuminoids are quite insoluble proteins found only in 
animal tissues. The British classification designates them as scleroproteins. The 
most important members of this group are the keratins, the collagens, and the 
elastins. 

The keratins are the characteristic constituents of epidermal tissue. Horn, 
hair, nails, wool, hoofs, and feathers—all are chiefly keratin. The outermost 
layer of the skin is keratin, and a similar albuminoid, keratohyaline, is present 
in the lower layers. This ultimately is converted into keratin. Albuminoids are 
insoluble in everything which does not decompose them. This is a most fortunate 
property. This insolubility of the skin, enhanced by the greasy secretions, pro- 
tects the surface of the body from water, dilute acid and alkali, and organic 
solvents. Concentrated acids and alkalies, especially with the aid of heat, will 
decompose and dissolve keratins. The sulfides of the alkalies and alkali earths 
will do the same without heat. Various depilatories have as their active ingredi- 
ent BaS or CaS. It is evident that they must be dangerous to use, since they act 
not only on the keratin of the hair, but also on that of the skin, tending to denude 
or, at least, to injure it. All hard keratins, on hydrolysis, yield, as part of their 
amino acid constituents, histidine, lysine, and arginine in definite molecular 
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proportions; namely, in the ratio 1:4:12. The “‘soft’’ or pseudokeratins, such 
as those occurring in the outermost layers of the skin, do not have these three 
amino acids in quite the same proportions. In ‘‘neurokeratin’’ (see page 141), 
however, the ratio is 1:2:2, indicating that this nerve protein is not a true 
keratin. 

Keratin has been considered indigestible, but this statement must be modi- 
fied since it has been shown that if it is pulverized to a very high degree, it can 
be digested by appropriate enzymes. If ingested as found in nature, however, 
no digestion occurs. Clothes moths and many microorganisms possess enzymes 
which ean digest keratin. 

Collagen is found in connective tissues and also in bone. Like keratin, it is 
insoluble in all neutral solvents. It is converted into a very tough, hard sub- 
stance on treatment with tannic acid. This is the basis of the tanning process. 
The most interesting property of collagen is its ready conversion to gelatin. 
Since this conversion involves the splitting off of some amino acids from the 
molecule, gelatin must be an intermediate hydrolysis product. Collagen is thus 
changed from an insoluble to a highly soluble product and from a very slowly 
digestible one to one that is readily digested. Gelatin forms a gel on cooling, 
and this property is highly esteemed in dietetics. It is a favorite article of diet 
for invalids and conyalescents because of its palatability and ease of digestion. 
It should be pointed out, however, that it is by no means a complete protein 
and should not be the sole or main protein in any diet continued over a long 
period of time. In certain pathological conditions, such as cirrhosis of the liver, 
the tissue acquires an inereased content of collagen. 


Elastins are the proteins of the yellow elastic fibers of connective tissues. 
The ligamentum nuchae is almost pure elastin. Elastins differ from the col- 
lagens in not being converted to gelatins. They are, however, rather easily 
digested by pepsin and by trypsin. 

Globins.—These proteins, which unite with heme and Similar pigments to 
form hemoglobin, ete., are not basie in water solution, although they have a 
high content of a basie amino acid, histidine. In fact, their isoeleetrie points 


are in the neighborhood of pH 7.0. (See page 111.) A compound of a globin 
with insulin has recently been prepared for clinical use 


Prolamins.—These alcohol-soluble proteins are found chiefly in cereals. 
About half of the total protein of white flour (wheat) is gliadin, a prolamin. 
This isa nutritionally deficient protein because of its lack of lysine, one of the 
essential amino acids. For this reason white flour is a poor source of protein. 
Corn contains zein, and barley, hordein, both prolamins. Both are inadequate 
proteins since zein is low in lysine and tryptophan, and hordein is low in 
lysine and valine; all three are indispensable amino acids. 

Histones.—Histones occur in highest concentration in those tissues in 
which large numbers of nuclei are found. They are rich in arginine. When 


injected into animals, histones ma 1 
y have toxic effects. s i 
blood to clot less readily. Oe eae 
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Phosphoproteins.—Casein of milk and vitellin of egg yolk are the most 
important phosphoproteins. They are compounds of proteins and phosphoric 
acid. Casein is present in milk as the calcium salt, calcium caseinate. The 
precipitation of casein from milk may be accomplished in two ways. Acidifica- 
tion of the protein to its isoelectric point causes it to precipitate. 


Ca-caseinate + 2 HCl — Casein + CaCl, 


The action of proteolytic enzymes apparently has the same effect. However, 
this is not quite true because a partial digestion takes place, some fragment of 
the protein molecule being split off. It further differs from acid precipitation 
in that the precipitate contains calcium. In fact, in the absence of calcium the 
precipitation does not oceur. Thus: 


enzyme 
Ca - caseinate ———————> Ca - paracaseinate + peptide 
but 
' enzyme 
Casein ——————--» paracasein + peptide. 


The paracasein remains in solution until Ca ions are added: 


Paracasein + Catt ———————-> Ca - paracaseinate. 


Under suitable conditions almost any proteolytic enzyme will cause milk to clot 
in this way, but rennin, the enzyme present in the fourth stomach of the calf, is 
especially effective and apparently its action is limited to this digestion. 
Nucleoproteins.—Nucleoproteins are compounds of ribose or desoxyribose 
nucleie acids with proteins of different degrees of basicity. The chromatin of 
the nucleus, and, hence, of the chromosomes, contains predominantly desoxy- 
ribose nucleic acids, linked to basic proteins, such as the protamins of certain 
fish sperms, or histones. The solubility and stability of these complexes vary 
from species to species and in various types of tissues. Thus, the nucleohistone 
of calf thymus may be extracted with distilled water, while the corresponding 
nucleoprotein in nucleated erythrocytes of birds is insoluble in distilled water. 
All nuclear nucleoproteins are insoluble at the ionie strength corresponding 
to the salt concentration which is ‘‘physiological’’ for the particular species ; 
i.e., 0.14 M NaCl in the instance of mammals and 0.28 M in the ease of certain 
marine fishes. On the other hand, they are soluble in strong neutral salt solu- 
tions (M NaCl). However, in this solvent the bond between the nucleic acid 
and the protein fractions is either greatly weakened or completely dissociated. 
The precipitate obtained by dilution of such a solution with water represents 
an artifact, a so-called ‘‘protein nucleinate.’’ According to all indications, 
the linkage is saltlike in character; ie., ionic. At low ionie strength, the 
nucleoproteins from liver and thymus will migrate with a single boundary in 
the electrophoresis apparatus. (See page 113.) The molecular weight of 
thymus nucleohistone is of the order of two million; that of thymus nucleic 
acid alone, of the order of one million. Since the molecular weight of pro- 
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tamins is about 5,000 and of histones about 30,000, this indicates that many 
protein residues are combined with a single nucleic acid molecule in com- 
plexes of this type. 

The ribose nucleic acids occur chiefly in the cytoplasm, where they are 
combined with proteins and lipids, and are organized in the form of discrete, 
microscopic, and ultramicroscopic granules called microsomes. The bond be- 
tween ribose nucleic acids and proteins is, as a rule, stronger than that be- 
tween desoxyribose nucleic acids and the more basie proteins. The molecular 
weights of these complexes are not known. 

Glycoproteins.—Glycoproteins have, as their prosthetic groups, complex 
polysaccharides. <A typical glycoprotein, tendomucoid, yields on hydrolysis a 
protein and chondroitic acid. The latter is a complex compound which on fur- 
ther hydrolysis is broken up into sulfuric acid, acetic acid, galactosamine, and 
glucuronic acid. Other glycoproteins are the mucins of saliva, of the gastro- 
intestinal ‘‘mucus,’’ of the ocular and synovial fluids, and the blood-group 
A factor of the gastric mucosa. They are slippery and hence have lubricating 
value. The carbohydrates of the mucins are glucosamine or some of the uronic 
acids. One of the latter is hyaluronic acid, a complex consisting of N-acetyl-p- 
glucosamine and p-glyeuronic acid. Hyaluronic acid is found in the capsules of 
certain strains of pneumococci, streptococci, and other microorganisms, as well 
as in the glycoproteins of the umbilical cord, the. vitreous humor, and the 
synovial ‘fluid. Other proteins have small amounts of carbohydrates present 
as actual molecular components. The consensus of opinion is to consider as 
glycoproteins only those which have over 10 per cent of carbohydrate. Such 
a proportion would show that the carbohydrate is a characteristic prosthetic 
group. 

Glycoproteins are not heat coagulable. They are not digested by the 
gastrointestinal enzymes, and for that reason their presence in the slimy secre- 
tions is protective. They are precipitated out of aqueous solutions by acidifica- 
tion. 

General Properties of Proteins 


me i Proteins have a distinetive odor when burned—the ‘‘odor of burning 

air, 

ae 2 ney are precipitated by salts of the heavy metals; e.g., mereury, silver, 

Re us occurs on the alkaline side of the isoelectric point. (See page 111.) 

) f . a . . = = bd 

‘ e ac Pe atba w ith the carboxyl groups, thus forming mereury proteinates, 

: . le use of Silver nitrate in cauteries is based on this property; it precipi- 

a S ; : . Z . a ~ . =: . . = 

is 1e proteins of tissues as silver salts. Another application of this property 

: bs use of proteins as antidotes to metallie poisons, Egg white, milk, and other 

1quic ‘ote i i 

au a otein can be used, but the metallic protein precipitate must be re- 
TEC 5 tJ ~ wal « 7 

pthc He ieee by an emetie or by a stomach tube to prevent the 
st he protein and the liberation. r i 

e-solution 

poisonous metal, . meme 
3. Certain acids precipitate proteins. 

of their possession of free NH, 

proteins in this way ar 


Here the proteins react because 
' ‘ : aes 

2 groups. The acids which precipitate the 
€ sometimes termed ‘‘alkaloidal reagents’’ because 
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they precipitate many of the alkaloids. Included among these are trichlor- 
acetic acid, phosphotungstie acid, and phosphomolybdie acid, yielding protein 
trichloracetates, phosphotungstates, and phosphomolybdates. Perchlorie acid 
has recently been introduced as an effective protein precipitant (Neuberg and 
co-workers). Another one, sulfosalicylie acid, is used to detect proteins qualita- 
tively and determine them quantitatively in urine and body fluids. Tannie acid 
is used commercially to precipitate collagen in hides, thus yielding leather. 

4. Proteins unite with certain dyestuffs. Among these are picric acid and 
flavianic acid, but there are many others, as the variously dyed woolens in- 
dicate. 

5. Proteins give certain color tests. These reactions are not specific for 
the protein molecule as such but for the characteristic group of particular 
amino acids contained in the protein. 

. a. Xanthoproteic Reaction.—Concentrated nitric acid turns proteins yellow. 
Neutralization with sodium hydroxide deepens this to an orange. This test, 
which will be recognized as the nitric acid stain produced on the skin, is due 
to the nitration of the benzene nucleus present in the aromatic amino acids; 
e.g., phenylalanine, tyrosine, and tryptophan. 

. b. Millon’s Test. Millon’s reagent consists of mercurous nitrate in nitric 
acid. If a protein is treated with Millon’s reagent and heat is applied, a red 
eolor is produced. Any phenolic compound will give this reaction and, there- 
fore, compounds containing tyrosine will react positively to it. 

.c. Sakaguchi Reaction. This test consists in treating an alkaline solution 
with alpha naphthol and sodium hypochlorite. A red color develops if sub- 
stituted guanidines are present. It is accordingly a test for arginine or pro- 
teins containing arginine. 

d. Nitroprusside Reaction. Proteins containing cysteine give a reddish color 
with sodium nitroprusside in dilute ammoniacal solution. 

e. Test for -SH Groups. Another test for cysteine is to boil the solution 
with sodium hydroxide. The sulfur splits off to form Na,S. This should be 
eooled, acidified, and then heated again. H.S will come off and will blacken 
lead acetate paper held over the mouth of the test tube. 

_f. Biuret Test. The solution to be tested is made strongly alkaline with 
sodium hydroxide and is then treated with a small amount of very dilute 
copper sulfate solution. A rose-pink to violet to purple is produced. The 
deeper the color, the more complex the protein. The color depends upon the 
presence of two or more peptide linkages, that is, linkages of this type, 


er 
Oo 
parated by a single atom of carbon or nitrogen. Conse- 


joined to each other or se 
Other closely related 


quently, free amino acids will not give the biuret test. 
groups give similar colors. For example, 


—C—-N-- and —C—N— 


| J age 
s H NH H 
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Ammonium salts interfere with this test by forming a deep blue compound. 
Therefore, if a large amount of ammonium sulfate is present, as may be the case 
in salting-out operations, a great excess of alkali must be employed. 

ge. Ninhydrin Reaction. (See page 109.) 


AMINO ACIDS 


There are about twenty amino acids in the more common plant and animal 
proteins. All are alpha-amino (or else imino) acids having the following gen- 
eral formula: 


H 
r—b_coon 
NH, 


It will be remembered that the alpha-carbon of an organie acid is that carbon 
nearest the carboxyl; the beta carbon is second, ete. The names and formulas 
of the more important amino acids follow: 


1. Glycine, or glycocoll, amino acetie acid. 


H 
Heb G00H 
tu, 
2. Alanine, a-amino propionie acid. 
H 
cH,—b—Coox 


NH, 
3. Valine, a-amino isovalerie acid, 
iat 
CH, | 
cH—C—cooH 
(CH, | 
NH, 
4. Leucine, a-amino isocaproie acid. 
H 
CH | 
oO CH—CH,—C—COOH 
CH, 
NH, 


o1 


. Isoleucine, a-amino 8-methyl-8-ethyl-propionie acid. 


CHa 

>CH—C—COOH 

C,H, 
NH, 
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The above are all comparatively simple mono-amino, mono-carboxylie 
The next two are closely related hydroxy acids. 


6. Serine, a-amino B-hydroxy propionie acid. , 


H H 
Hot ‘coon 


HN A; 


acids. 


7. Threonine, e-amino £-hydroxy butyric acid. 


H H 
ery. 

CH, — hie 
H NH, 


Two mono-amino, mono-carboxylie acids with aromatic groups are phenylalanine 
and tyrosine. 


8. Phenylalanine, a-amino B-phenyl propionic acid. 








H 
—cu,—d—cooH 
Y 
SA 


9. Tyrosine, a-amino f-p-hydroxyphenyl propionic acid (p-hydroxyphenyl 


alanine). H 


GH. 80008 
Tne’ | 
ae 

NA 

bu 
An amino acid of the same series but containing a heterocyclic group is 
tryptophan. 
10. Tryptophan, a-amino B-indole propionic acid. 
H 
An ocx, —d_coon 


| } Wee, 
~ se 
i 


Two mono-amino mono-earboxylic acids contain sulfur. They are cysteine and 
methionine. A third sulfur-containing amino acid is cystine, which is dicysteine. 
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11. Cysteine, a-amino -thio propionic acid. 


H 
cH,—d—cooH 
du ar, 
12. Cystine, di-cysteine. 
H H 
HOOCE ere cx,—d—cooH 
preg eats aS 


13. Methionine, a-amino y-methyl-thiol butyric acid. 
H 
Prete oc et , 
Lon, in, 
Two amino acids, each of which has two carboxyl groups, are aspartie acid 


and glutamic acid. It is these dicarboxylic acids which give proteins some 
acidic characteristics. 


14. Aspartie acid, amino succinie acid. 
NH, 
eereon 
H,—COOH 
15. Glutamie acid, a-amino glutarie acid. 
NH,—CH—COOH 
H, 
H,—COOH 


Aspartic acid and glutamic acid probably occur in proteins largely as the cor- 
responding acid amides, asparagine and glutamine: 


NH, NH,—CH—COOH 

da—coon ba, 

CH,—CONH, da,—conn, 
Asparagine Glutamine 


Of the basie amino acids, that is, those having two amino groups or one amino 
and one imino group, the following are of importance: 


16. Lysine, a-e-diamino caproie acid. 
H 
CH,—CH,—cH,—c,—dcoon 
NH, NH, 
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17. Hydroxylysine, a-e-diamino-8-hydroxy eaproie acid. 
H 
CH,—CH—CH,.—CH, a G00n 
ia. bu i 
18. Arginine, a-amino $-guanido valerie acid. 
H 
H—_N—CH,—CH,—cH,—¢—cooH 
Ae ae 
tn, 


19. Citrulline, a-amino 6-carbamido valerie acid. 


H 
H—N—CH,—CH,—cH,—¢—cooH 
| 
C=0 NH, 


| 
NH, 


20. Histidine, a-amino B-imidazol propionic acid. 
H 
H-C—0—0H,_¢—coo# 
uN N WH, 
Nf 


| 
H 


Finally we have two pyrrolidine derivatives, in which the nitrogen of the 
imino group is in a ring but can still function in the formation of peptides. 
21. Proline, pyrrolidine-a-earboxylie acid. 

H,C——CH, 
| | 
H.C CH — COOH 
ee, 

N 

H 
92. Hydroxyproline, y-hydroxypyrrolidine-a-carboxylic acid. 

H 

| 

UN 
HO CH—COOH 

ee 
N 
| 
H 


In addition to these amino acids which are commonly found in proteins, 
it may be mentioned that the thyroid gland has the ability to iodinate tyrosine, 
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producing 3-iodo tyrosine and 3,5-diodo tyrosine. These are used by the thy- 
roid gland to produce triiodothyronine and thyroxine, one or both of which 
may be the thyroid hormone or hormones. (See page 619.) All four com- 
pounds are a-amino acids. 

Examination of the formulas of the above amino acids will reveal the fact 
that all, except glycine, have an asymmetric carbon. It is therefore possible 
to have a p-form and an L-form of each. Most of the naturally occurring a- 
amino acids are of the u-form, that is, their configuration is similar to that of 
L-glyceraldehyde, or, more appropriately, to L-serine. 


O O O 
an on on 
I 10-C_H n—}—H H,N—C-—H. 
n—b_on H—C—H ba, 
i bn 
L-Glyceraldehyde L-Serine L-Alanine 


All of the formulas of the amino acids can be written in this way, but since the 
L configuration is the common one, we shall usually omit the letter L in connec- — 
tion with the amino acids. Apparently the enzymes of the body ean split chiefly 
those peptides composed of L-amino acids; that is, the normal ones. Certain 
bacteria are enclosed in capsules composed of p-amino acid combinations. Conse- 
quently, when ingested they escape digestion and can gain entrance to the body 
because of this protection. It has been claimed that cancer tissues contain p- 
amino acids in their proteins. This has not been definitely established, however. 
Again it should be emphasized that p- and L- do not refer to dextro- or levorota- 
tion but to the relationship to p- and L- -serine, respectively. 


Reactions of Amino Acids.— 


1. All amino acids ean be esterified. 





H 
| C,H,OH | 
CH;,—C—COOH —> CH,—C—COOC,H, + H,O 
NH, NH, 
Alanine ‘ Ethyl ester of alanine : 


This property was made use of by Fisher, who separated amino acids from 
each other by fractionally distilling their esters. 


2. Amino acids will acetylate and benzoylate. Thus, glycine will combine 
with benzoic acid. 


O 


Vi 
ones Pare »—COOH 


J + noo => ( y 


This reaction occurs in the body when benzoates are ingested. 
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3. Like other primary amines, the amino acids (except proline and hy- 


droxy-proline, which are really imino acids) react with nitrous acid, liberating 
nitrogen gas. 





H H 
| O | 
R—C—COOH — R—C—COOH +N, + H,0 
| 
2 OH 


This is the basis for the Van Slyke method for determining amino groups 
proteins, blood, and other biological material. 


4. Formaldehyde reaction. The addition of an excess of neutral formal- 
dehyde solution to a neutral amino acid solution results in a distinetly acid 
mixture. The amino acid is completely ionized (see page 112) and the reac- 
tion is, probably: 





H H 
| | 
=O FLCOH. —>* R—C~CO00z 
/ CH,0H 
LN H 
H H 
H H 
| 
POC: + HOOK, 5° k—U— C007 
CH,OH | /~CH,OH 
ee + H* NC 
Sor CH,OH 


This is the Sdrensen reaction. By titration with standard alkali, the amount 
of free amino acid present can be estimated. This is often made use of in 
following the course of a protein digestion in which amino acids are liberated. 
It is evident that this is really a measure of the amount of amino groups present. 

5. Reaction with ninhydrin. If a solution of an alpha-amino acid is 
boiled with ninhydrin (triketohydrindene hydrate) CO, is split off and a 
purple color is produced, All alpha-amino acids give this reaction, as do the 
proteins and peptides. Proline and hydroxy-proline give a yellow color and 
the various other amino acids give slightly different shades as well as depths 
of color. In the course of the reaction the carboxyl of the amino acid is quan- 
titatively converted into COs, which ean easily be determined. | This has been 
utilized in a method for the quantitative determination of amino acids (Van 


Slyke). 


O O 
| | 
v NH a . 
Yy / a you | Df nS yu ioe : 
| | C POH | | Kae Boal ent Nees CO, 
‘ | Si OH I 
VN 4 OH i yea 
g 6 


Ninhydrin Hydrindantin 
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The bluish color whieh results is due to the formation of a complex by the union 
of ninhydrin, hydrindantin, and ammonia. 

6. Color reactions. Most of the color reactions of the proteins are refer- 
able to individual amino acids in their molecules which give these character- 
istic tests, as has been mentioned under General Properties of the Proteins. 
(See page 103.) 

PEPTIDE LINKAGE 


In 1902 Fischer and Hofmeister, independently, proposed the peptide hy- 
pothesis of protein structure. This postulates that the amino acids are joined 
by the union of carboxyl groups to amino groups, with the elimination of a 
molecule of water at each linkage. Thus a dipeptide is formed from two amino 


acids in this way. 


H O 
Bett | aici cet H OHH 
R—C—C_[OH H: a ted 
Nd RB’ > R—C—C—_N—C- RR} 0 
H, +H is | 
Amino acid COOH H, COOH 


Amino acid A dipeptide 


A third amino acid will form a tripeptide by being linked through its carboxyl 
to the NH, of the first amino acid, or through its NH, group to the carboxy] 
of the second. The grouping which joins the alpha-amino acids together in 


this way 
Os 


| 
pal BEN, 


is called the peptide linkage. Peptides varying in length from the simplest 
dipeptide to very long chains have been synthesized and have some protein 
properties. 

PoLyPEePTIDE ANTIBIOTICS—Some of the antibiotics (see page 668) have 
proved to be of polypeptide nature. Gramicidin and tyrocidin, produced by 
B. brevis, are bactericidal substances, discovered by Hotchkiss and Dubos. 
They yield, on hydrolysis, a variety of amino acids, some of which are 
b-amino acids. Whether the p-forms are responsible for the bactericidal action 
of these compounds is not known, but their presence is significant. They are not 
single polypeptides, as was thought at first, but are mixtures. Bacitracin, pro- 
duced by B. subtilis (Tracy), is another antibiotic composed of one or more 
polypeptides (Craig), 

The method of namine polypeptides is shown in the example on the opposite 
page. Note that the amino acid having the free end carboxyl is named last. 

The evidence in favor of the hypothesis that the peptide linkage is the 
principal type of union in proteins has been summarized by Vickery and Os- 
borne in part as follows: 


1. Native proteins contain very little free amino nitrogen. 
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2. The biuret reaction, given by proteins, is also given by other substances 
having a peptide or similar linkage. However, when a protein is hydrolyzed 
the biuret reaction becomes progressively weaker until finally, on complete 
hydrolysis, it disappears. : 

3. The synthetic polypeptides prepared by Fischer and others can be hy- 
drolyzed by the same enzymes which hydrolyze native proteins. 

4. Polypeptides have been isolated from incomplete protein digests. 

5. During acid or enzyme hydrolysis of proteins, amino groups and ecar- 
boxyl groups are liberated progressively at about the same rate. 

6. During such hydrolysis there is very little change in reaction, indicat- 


ing that acidic and basie groups are released in approximately equivalent 
amounts. 


1 2 3 a 5 
Alanyl-leucyl-cysteinyl-tyrosinyl-glycine 


Isoelectric Point 


A typical amino acid possesses an amino group and a carboxyl group and 
consequently may be assumed to act either as a base or an acid. In alkaline 
solution it behaves like an acid: 

H ~ 
ae egw 
ay BNO + H 
NH 
a Nat + OH- 
If an electric current is passed through such a solution, the amino acid anion 
will migrate to the anode or positive pole. In acid solution, on the other hand, 


it behaves like a base: 


H H + 
O Z 
n—o—c7 + H-OH + HCl —> R—C—C. 
\OH | OH + OH 
NH N—H 
: FINS 
Haas: 


0) eel le he 


The passage of an electric current under these conditions will cause the amino 
acid cation to go to the cathode or negative pole. If we should change the 
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reaction of the alkaline solution, making it less and less alkaline, or make the 
acid solution less and less acid, it is evident that at some point a degree of 
acidity or alkalinity would be reached at which the amino acid would travel 
in neither direction under the influence of the electric current. That hydrogen 
ion concentration is called the ‘‘isoelectrie point.’’ At the isoelectric point the 
electric charges present on the amino acid balance each other. This point may 
or may not be at the neutral figure, pH 7.0, as may be seen from Table VIII. 

The former view that an amino acid is un-ionized at its isoelectric point 
is now replaced by the concept that it is completely ionized. The positive 
charge and negative charge thus formed neutralize each other entirely. The 
old or classical view and also the modern conception of the dipolar (‘‘zwit- 
terion’’) form are shown below. First, let us consider the amino acid in an 
acid solution. 


Classical : 


H H 
| H°Cl- | 
R—C—COOH ——> R—C—COOH OH- 
| H*OH- | 1: hue &) 
NH, H—N— + 
| 
Un-ionized ~~ 
H 
+ Peal ren HOH 


H—N— + Cl 
in 


Amino acid hydrochloride 


Dipolar: 
ESO H O 
Lee Ls HCl | I Tor mt ~ 
R—C—C—O— ——->» R-C-C-—O~— < fHicr 
| H*OH- | wo 
H—N— + H—N— + H* OH- 
IN IN 
HH Mae 
Completely ionized H adds on to form un-ionized COOH 
leaving ammonium free to unite with Cl 
H 
> R—¢—cooH HOH 
H—N— + Cl- 
Hi 


Amino acid hydrochloride 


The result is the same in both cases, but the mechanism is different. Accord- 
Ing to the classical theory, adding acid permits ionization of the amino group 
whereas the newer theory maintains that addition of acid depresses the ioniza- 
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In alkaline solution two similar sets of reactions may be shown: 


Classical : 
H O 
II 
e d Na*tOH- || | 1 
—C—COOH _——> R—C—C—O- H+ acd Sas a ae Na+ HOH 
| | Nae”. On | 
NH, NH, NH, 
Sodium salt 
Dipolar: 
7 i H O 13 OL 
ge oH 
ey he gee NatiOH; R—0—G_0= Nat ni ae Soe Nat HOH 
= | > 
H—N— + H—N—OH AH, 
be Gi oa 
OH~ adds on to form leaving carboxyl free Sodium salt 
un-ionized ammonium group, to unite with base 


Again we have the same result, but here the dipolar theory indicates a depres- 
sion of the amino ionization, leaving the carboxyl free. The dipolar theory is 
more in accordance with the physicochemical behavior of the amino acids in 
a number of ways. 


Proteins are compounds of many amino acids joined in peptide linkages. 
They are certain to have an excess of both carboxyl and amino groups (beeause 
of the presence of both acidic and basie amino acids). Since these free car- 
boxyl and amino groups are jutting out from the molecule, a protein may be 
regarded as a complex amino acid. For this reason proteins have isoelectric 
points. At the isoelectric point of a protein the positive and negative electric 
charges are balanced. Furthermore, although usually a protein is in solution at 
its isoelectric point, it is least soluble at that point and consequently is most 
easily precipitated. This is also the point of lowest viscosity and swelling. 
Proteins differ greatly in their isoelectric points, as is indicated in Table VII. 
A knowledge of the isoelectric point of a given protein is extremely useful. In 
the preparation and purification of sera, hormones, etc., for therapeutic pur- 
poses, advantage is taken of isoelectric points, and in other ways this factor is 
frequently made use of. 

Electrophoresis.—The movement of a charged particle in an external elec- 
trical field toward the oppositely charged electrode is called electrophoresis. 
The electrophoresis of biocolloids, for the most part proteins, has been exten- 
sively studied during the past decade. 

The method commonly employed depends upon optical observations of a 
moving boundary. The technique and apparatus were developed by Tiselius and 
his co-workers in Sweden, and by Longsworth, Stern and others in this country. 
Current is applied to the ends of a U tube which is filled with a protein solution 
overlaid by a buffer solution of the same ionic strength, pH, and conductivity. 
The buffer solution is stratified carefully over the protein layer so that the 
boundary between the two solutions is very sharp. During the electrophoresis 
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TABLE VII 


ISOELECTRIC POINTS OF SOME PROTEINS* 


ISOELECTRIC 
PROTEIN SOURCE POINT 
pH 
Recrystallized Proteins 
Edestin Hempseed 5.5-6.0 
Egg albumin Hen’s egg 4.55-4.90 
Hemocyanin Snail blood 5.05 
Hemoglobin, reduced Horse blood 6.79-6.83 
Hemoglobin, oxy- Horse blood 6.7 
Insulin Beef pancreas 5.30-5.35 
Lactoglobulin Cow’s milk 4.5-5.5 
Serum albumin Horse blood 4.88 
Trypsin Beef pancreas 5.0-8.0 
Urease Jack bean 5.0-5.1 
Amorphous Proteins ; 
Bence-Jones Human urine (pathol.) 5.20 
Casein Cow’s milk 4.6 
Gelatin Calf’s skin 4,80-4.85 
Gliadin Wheat (flour) 6.5 
Myogen Rabbit muscle 6.2-6.4 
Myosin Rabbit and cow muscle 6.2-6.6 
Protamines Fish sperm (from 9 differ- 12.0-12.4 
ent kinds of fish) 
Protamines Fish sperm (3 other varie- Out, 10.05, 17 
ties 
Serum globulin Faved Blaed 5.4-5.5 
Silk fibroin Silk 2.0-2.4 


m Schmidt © To) A OID Ree ——EES eee 
*From Schmidt, C. L. A.: The Chemistry of the Amino Acids and Proteins, Springfield, 
1ll., 1938, Charles C Thomas. Corrected according to Addendum, 1943. 


TABLE VIII 


ISOELECTRIC PoInTs oF AMINO ACIDS AND PEPTIDES AT 25° C,* 


ee 
ISOELECTRIC ISOELECTRIC 


SUBSTANCE POINT SUBSTANCE POINT 
; Pe pH 
Alanine 6.1 Phenylalanine 5.9 
Arginine 10.8 Proline 6.4 
Aspartie acid 3.0 Serine 5.7 
Cysteine (30° C.) 5.1 Tryptophan 5.9 
Cystine (30° C.) 5.6 Tyrosine 5.7 
Diiodotyrosine 4.3 Valine 6.0 
Glutamic acid 3.2 
Glycine 6.1 Asp: - i i 
cine : spartyl-aspartie acid 3.0 
Histidine ; 7.6 Alanylalaniue 5.8 
Beta-hydroxyglutamie acid “3.3 Glyeyl-alanine 5.7 
Hydroxyproline 5.8 Glycyl-glycine 5.6 
pea ae 6.0 Glycyl-glyeyl-glycine 5.6 
fons ae Glycyl-alanyl-alanyl-glycine 5.6 
pentane a Histidyl-histidine 7.3 
Norleucine sil 





*From Schmidt, C. Ll. A: 7 i ; 3 
IL, 1938, Ghattes Criaiand The Chemistry of the Amino Acids and Proteins, Springfield, 
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period the various proteins which were originally present at the boundary be- 
tween the buffer and the protein solution become separated, the degree depending 
on the magnitude of their charges. Several new boundaries may be formed, if 
more than one protein is present, and their locations in the limbs of the tube 
(and therefore the distances traveled from the starting position), as well as their 
relative concentrations, may be determined by observing the extent to which 
light is refracted by the various boundaries. This is accomplished by complex 
optical systems, the descriptions of which are beyond the scope of this book. 
The type of pattern obtained is shown in Fig. 18, page 172. 


The Tiselius apparatus has found numerous applications. It is used to 
determine the isoelectrie point and the electrophoretic mobility of proteins. 
Diffusion constants (which, together with sedimentation velocities obtained 
by ultracentrifugation, enable one to. caleulate the molecular weight of a 
protein) may be measured in the Tiselius apparatus. Studies of the undenatured 
proteins of organ extracts have been carried out by moving boundary methods 
in an attempt to characterize the various protein complexes. The method is 
also frequently employed to study the homogeneity of a protein; that is, whether 
a given material consists of one or more entities. Finally, it is possible to isolate 
specific proteins from mixtures, a method which has obvious advantages over 
separation by salting-out procedures or chemical fractionation. Clinically, the 
study of plasma proteins and organ proteins in health and disease by electro- 
phoresis has become a very active field of research. 


Denaturation and Coagulation 


Albumins and globulins in aqueous solution, at or near their isoelectric 
points, are rendered insoluble on heating. The same is true of hemoglobins. 
This phenomenon is known as coagulation. Although coagulated proteins may 
be redispersed or redissolved, this requires special conditions and the protein 
is not of the same nature as the original uncoagulated protein. For all prac- 
tical purposes, therefore, we may say that coagulation renders the protein 
insoluble, and the process is irreversible. Individual proteins have more or 
less characteristic ‘‘coagulation points,’’ which may be altered by changing 
the pH slightly. The most favorable pH for coagulation coincides with its iso- 
electric point (see page 111); i.e., coagulation occurs at the lowest temperature 
at this point. At other pH’s, coagulation is delayed or occurs at a higher 
temperature. Coagulation in all cases is preceded by denaturation. This involves 
an intramolecular rearrangement which, to some extent, is reversible. Denatured 
proteins are soluble in dilute acid or alkali but are insoluble at the isoelectric 
point. Precipitation at this point is called flocculation, and the flocculum is 
soluble on either side of the isoelectric point, if this is accomplished without 
delay. If, however, there is a delay, or if heat is applied, the denatured protein 
is changed from a flocculum to a coagulum, which is not soluble in dilute acid, 
in dilute alkali, or at its isoelectric point. 

Proteins, other than albumins and globulins, may be denatured even though 
they are not heat coagulable. Other methods of denaturation besides heating 
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include action of strong acids or alkalies, salts of the heavy metals, light, 
mechanical agitation, aleohol, acetone, ether, urea, and the detergents. Water 
is necessary for denaturation and coagulation by heat, as can be shown by 
heating dry egg white to over 100° C. without loss of solubility. Denaturation 
involves a structural change in the protein molecule, but there is apparently 
no hydrolysis. There results a change in viscosity, a lower surface tension, 
and, in the case of hemoglobins, a loss of species specificity. 

Denatured proteins are attacked by digestive enzymes differently from 
undenatured proteins. For example, denatured albumin and crystalline al- 
bumin are digested at the same rate by pepsin, but trypsin digests the former 
much more rapidly. The effect of light as a denaturing agent is seen in the 
clouding of the lens of the eye in old-age cataract. This is probably due to 
the denaturing of the globulins present in the lens. Glass workers are particu- 
larly subject to cataract, presumably as a result of the infrared rays emanating 
from the molten glass. The change of fibrinogen to fibrin in blood clotting is 
no doubt a denaturation reaction. 

Structure of Protein Molecule.—The amino acids appear to be joined to- 
gether in the protein molecule by peptide linkages—probably only by peptide 
linkages. The problem of how these chains of peptides are arranged in the 
molecule remains to be solved. Several complex hypotheses have been put 
forward with more or less basis in each ease. It is known that several different 
arrangements of long chains occur. In the chains, the amino acids are ar- 
ranged in complex linear patterns. Different proteins contain different pro- 
portions of their constituent amino acids, with a special arrangement or pat- 
tern for each protein. The chemical, physical, and biological properties of 
each protein are set by this amino acid pattern. The simplest is a long straight 
chain. Silk fibroin is the best example. - Evidence that it is a single chain is 
found in the fact that it cannot be stretched ; in fact, silk fibroin has the same 
tensile strength as the best steel of the same diameter, There is x-ray evidence 
tending in the same direction. Wool protein, a keratin, has its peptide chains 
folded. It can be stretched, that is, unfolded, and ean be shrunk, which means 
that it is folded still more. Hair keratin is of a similar nature. It, too, can 
be stretched. When this is done under the influence of suitable reagents, the 
a strands may be stretched as desired, resulting in a ‘‘permanent wave.’’ 
epee 7 Bey fibrous proteins. **Globular’’ proteins have their pep- 

a different fashion, perhaps more like coils. When they 
are uncoiled, denaturation takes place and it is difficult, but not always im- 
possible, to get them coiled again. In all except the single straight chains we 
can imagine bridges holding the chains together. These may be —S—S— link- 
ils reer), or eal or saseag oni nae ain 
bridges probably la contributes rs ay ape oe Jee aaa! 
haps to digestion of proteins. 7 | Fi aoe eee eae 

The Structure of Insulin.—Insulin, 


the hormone produe i 
of Langerhans of the pancre peat 


as, 18 a protein and has been studied very in- 
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tensively. Its molecular weight has been shown to be about 6,000 (Harfenist 
and Craig). By ingenious new techniques, the structure of insulin has been 
almost completely worked out by Sanger and associates. The reagent, dinitro- 
fluorobenzene, combines with the alpha-amino acids at the ends of peptide chains. 
When a peptide, which has been so treated, is hydrolyzed, the dinitrophenyl 
groups (DNP) remain attached to the amino acid. The DNP amino acids 
have a distinctive yellow color, and hence these combinations can be isolated 
and identified by chromatography. 





eae tents H-. O h- HH 0... 
|| ie | 
ONC DF " Hn—G—b—N—6—b_¥—6 sca St ee 
nt ae | | 
R Re R” 
Cine Ht Uae Ovals oT 





CSRS ale end ee 
i ry 1” 
Hydrolysis 
eee 2" | foe et 
.N a gee ene pee ass i) = Re, odo el eee 
ONG pd j OH + NH, i C—N ia 


It was shown that the molecule consists of two different polypeptide 
chains. By the DPN method it was found that the more acidic chain A has 
glycine as the end amino acid, while the more basic chain B has phenylalanine 
in the corresponding position. The long peptide chains were then split into 
smaller ones, usually di- or tripeptides, and this was done in various ways, so 
that the breaks in the chains occurred at different places, and consequently 
the peptide sequences ‘‘overlapped.’’ By repeating the DNP technique, and 
by other means, the amino acid sequence could be elucidated. The two chains 
are believed to be held together by —S—S— bridges, but the exact points of 
union are not known, although they are undoubtedly where some of the 
cysteine radicles are located. 

The two chains are shown below, together with a key to explain the ab- 
breviations. 

CHAIN A 


Gly.Tleu.Val.Glu.Glu.Cy.Cy.Ala.Ser. Val.Cy.Ser.Leu.Tyr.Glu.Leu.Glu.Asp.Tyr.Cy.Asp. 
[eee Bi 67 89 10 TD 18. 14) 1616 17. 18- 194,20: 21 


“ 


CHAIN B 
Phe.Val.Asp.Glu.His.Leu.Cy.Gly.Ser.His.Leu.Val.Glu.Ala.Leu. 
ee ee, ee A TaD | AD bi Ds TOTS 15 


Tyr.Leu.Val.Cy.Gly.Glu.Arg.Gly.Phe.Phe.Tyr.Thr.Pro.Lys.Ala. 
16 17 18 19 20 21 22 28 24 25 26 27 28 29 30 
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Amino Acid Abbreviation Amino Acid Abbreviation 
Cysteine Cy. Valine Val. 
Aspartic Acid Asp. Leucine ae 
Glutamie Acid Glu. Isoleucine — eu. 
Serine Ser. Phenylalanine Phe. 
Glycine Gly. Proline Pro. 
Threonine Thr. Histidine His. 
Alanine Ala. Lysine Lys. 
Tyrosine Tyr. Arginine Arg. 


THE MoLecuLar WEIGHTS OF PRoTEINS.—The proteins all have extremely high molecular 
weights, but the usual methods of organic chemistry are not suitable for their détermination. 
Physical methods have been evolved for this purpose. Because of their colloidal nature they 
can be pulled out of solution by the ultracentrifuge; i.e., centrifugation at enormoys speeds. 
Precipitation in this way depends on the speed in relation to the weight, and suitable caleula- 
tions permit the estimation of the molecular weight. The membrane method has also been 
used. That is, the size of the molecule is estimated by determining the size of the pores of a 
membrane through which it will pass. Another method is to measure the osmotic pressure of 
a protein solution and use the data thus obtained. The composition of the protein in terms 
of its amino acid content frequently gives very useful proportionate data. If the provem 
contains a heavy metal, its percentage determination is very indicative, since the protein 
must contain at least one atom to the molecule. 


Nutritional Importance of Proteins 


Proteins are the basis of protoplasm, living tissue. At any rate, no living 
tissue is known that does not contain some protein. The proteins are nitrog- 
enous compounds but they cannot be synthesized by the animal organism from 
atmospheric nitrogen or inorganic nitrogenous salts. The animal eats protein, 
either animal or vegetable, digests it to amino acids, absorbs them, and from 
them forms its own protein. The amino acids are the units, the building stones 
from which the complex structure is built. This being the ease, the question 
of the importance of the various individual amino acids arises. Are they all 
equally valuable, or are some more important than others? A great deal of 
work has been done in this field and is continuing, with more particular appli- 
cation to human nutrition. 


Investigators in this field include Osborne and Mendel, F. G. Hopkins, 
Sherman, and Rose. The type of the earlier experiments was as follows: 
Young animals (usually the standard white rat) were fed highly purified foods. 
The diet was calculated to contain all necessary nutritional factors, the protein 
alone being limited in kind or in amount. At first, single purified proteins 
were included as the sole source of protein. Some were found to be quite 
satisfactory for growth, others were found capable of maintaining the animal 
but at a stationary weight, and still others did not even permit the animal to 
remain at its initial weight. In Fig. 10 are shown growth curves illustrating 
these typical experiments with single purified proteins and in Fig. 12 are 
given pictures of the animals showing the kind of results obtained. It is evi- 
dent that casein is a very good protein, gliadin is not so good, and zein is 
very poor, when fed as the only protein. A glance at Tables IX and X will 
show that casein contains little glycine but is nevertheless suitable for growth; 
that gliadin is moderately low in lysine and tryptophan; and that zein is very 
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Fig. 10.—Showing typical curves of growth of rats on diets containing a single protein. 
On the casein food (devoid of glycine), satisfactory growth is obtained: on the gliadin food 
(deficient in lysine) little more than maintenance of body weight is possible: on the zein food 
(devoid of glycine, lysine, and tryptophan), even maintenance of body weight is 
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Fig. 11.—Showing the effect of the addition of tryptophan and lysine to zein, which is 
deficient in them. The addition of tryptophan permits maintenance without growth, while the 
further addition of lysine enables the animals to make considerable growth. (From Mendel, 
mot. : J.. A. M. A, 64: 1539, 1915.) 


BERN 


- ‘ey 
’ Gluten Feed 
+ Meat 





Fig. 12.—These rats were all of the same age and fed for the same length of time on 
diets containing the same proportion of protein. The variation in size is due to differences 
in the chemical constitution of the proteins eaten. (From experiments by Osborne and Men- 
del.) (From Mendel, L. B.: Nutrition: The Chemistry of Life, New Haven, 1923, Yale 
University Press.) 
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TABLE IX 
a] + * 
APPROXIMATE PERCENTAGE COMPOSITION OF SELECTED PLANT PROTEINS 





























CORN WHEAT |SOYBEAN | YEAST 

PROTEIN GLUTEN | GLUTEN |PROTEINS|PROTEINS| ZEIN | GLIADIN | EDESTIN 
Ni 16.0 16.0 16.0 16.0) 16.1 ci Py d 18.7 
ines Lt Len 0.8 0.52 1.24 0.88 
Arginine 3.1 3.9 7.3 4.5 Let 2.7 16.7 
Histidine 2.1 2.2 2.9 3.0 1.3 2.3 2.9 
Lysine 1.5 aR) 6.8 7.5 0 it 3.2 
Tyrosine 6.3 3.8 4.0 3.6 5.3 3.2 4.3 
Tryptophan 0.6 0.8 1.4 1.3 0.1 0.6 1.5 
Phenylalanine 6.6 5.5 5.3 4.5 6.2 6.9 5.5 
Cystine 1.5 1.9 1.9 2 Ey 0.8 2.6 1.2 
Methionine 2.5 1.5 ys 2.0 2.4 17 2.4 
Threonine 4.0 2.5 3.9 5.5 3.9 2.1 3.9 
Leucine 16.0 7.0 8.0 7.5 23.7 6.5 7.4 
Isoleucine 5.1 4.2 6.0 6.0 7.3 5.4 4.6 
Valine 5.7 4.1 5.3 5.8 3.5 2.7 5.7 
Glutamic acid 24.5 27.0 18.4 14.7 26.9 45.7 20.7 
Aspartic acid 3.7 6.6 1.3 12.0 
Glycine 4.3 7.0 4.0 4.0 0.4 <0.5 5.1 
Alanine 2.8 3.3 16 2.1 5.5 
Proline 8.0 5.0 10.5 13.4 4.3 
Serine 4.0 4.2 8.3 4.9 6.3 
Sum 84 88 89 67 120 105+ 113t 











*Courtesy Dr. Richard J. Block. 


7The explanation for this total of more than 100 per cent is that in hydrolysis water is 
added. Therefore, if the analyses were complete, each would total over 100 per cent. Of the 
substances analyzed, only zein, gliadin, and edestin are purified proteins; the others are mix- 
tures. 


TABLE X 
APPROXIMATE PERCENTAGE COMPOSITION OF SELECTED ANIMAL PROTEINS* 
























































HORSE 
HEMO-| EGG B-LACTO- | BEEF | SILK 
GELA- | ELAS- | GLO- |aLBu-| yy- | PEP- CASE- | GLOBU- | MUS- |FIBRO- 
PROTEIN TIN TIN BIN MIN |SULIN SIN WOOL IN LIN CLE IN 
Nitrogen 18.0 | 17.1 | 167 | 15.5 | 45.7 | 154 | 16.0 | 15.6 | 15.61 16.0 | 18.7 
Sulfur 0.5 | 0.17| 0.58] 1.83] 3.331 0.94 0.8 168 | 11] 0.0 
Arginine 66) Cpa at, |) (0.0 | esdir ella borat 2.9% | ha beeen 
Histidine 0.7 Le OA 8.251 058.6 °F ha Gobo gel ene 1 aap WSS 
Lysine 5.0] 05 | 85 | 654 951516 | 37) 8a |) as 4 on bone 
Tyrosine 1.0 1.6 3.0 3.7 | 13.0 8.5 5.5 6.3 3.7 4.0 | 12.8 
Tryptophan 0 0 ees 1.2 0.3 2.4 1.5 1.2 1.9 1.4 0.0 
Phenylalanine 2.4 5.0 car al 8.1 6.4 4.0 5.0 4.8 5.0 3.4 
Cystine 0.1) 06) 10) 2813195] 811136) 035] 85 | 72) o0 
Methionine 0.9.45 OS I" TOd Sb Sele 89 Tore ene 32 | 32] 00 
Threonine 2:2 alse: 4.4 4.0 eal 9.6 6.5 4.9 5.5 5.0 1.6 
Serine 34] 08/958) 82] 52/1221 74| 77 4.4 | 6.0 | 16.2 
Leucine a2 Si7a. 1532 9.9 | 13.2 | 10.4 8.6 9.2 15.2 8.0 0.9 
Isoleucine BL} 40) G2 7.0.) “2.81 108] ag ee emery fea 
Valine 27/1741. 90] 88] 78] 711 54 | 79 62 | 55] 3.6 
Glutamic acid / 10.8} 21) 821165 |)186/119]140|933/ e165 |ai7ol os 
aepartic acid | 7.5 | 0,6.) 10.6] 9.8 4/ 6.8: |/16.0/1 oa4) age ae 
Glycine 29.3 | 29.9] 56] 31] 43| 64] 68| 27 15 | 5.0 | 43.6 
Alanine 100/189] 74] 671] 45 4.0] 3.0 71 | 7.4 | 29.7 
Proline). | 16.6") 17,0) 85] 38 | 98 15.04 "agai 5.0 | 6.0] 0.7 
Hydroxy-proline| 14.0 | 2:0} 0 | 0.0 | 06 6-7 | 0.0 6.0% eG ee 
| : 
Sum Heo [let |i1o+ list |113¢_|Ti4t_|Ti8¢_|114t_| ast lta} laa0t 
*Courtesy Dr. Richard J. Block. PEC rer 





tSee footnote to Table IX for explanation of totals over 100 per cent. 
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low in glycine, lysine, and tryptophan. This would indicate that the ingestion 
of glycine is not essential for growth, whereas the ingestion of lysine and 
tryptophan is. The experiment shown bears this out. To the imperfect pro- 
tein, zein, are added the two amino acids, tryptophan and lysine. Both are 
needed to supplement the deficiency and permit growth of the animal. 


Other methods of experimentation have been devised. Protein hydroly- 
sates have been prepared and, after removing a specific amino acid, they have 
been fed to the experimental animals to determine whether removal of this acid 
affects their nutritive well-being. More recently, mixtures of pure amino 
acids have been fed and, although such mixtures are very difficult to prepare 
and are very expensive, the results obtained have been quite valuable. From 
all of these investigations has come the realization that certain amino acids 
are essential or indispensable; that is, they must occur in the food if the young 
animal is to grow. They cannot be synthesized by the animal organism. At 
present the amino acids are classified, from this standpoint, as shown in Table 


XI, 
TARDE XL 


CLASSIFICATION OF THE AMINO ACIDS WITH RESPECT TO THEIR INDISPENSABILITY 
FOR GROWTH* 





























INDISPENSABLE DISPENSABLE 
Lysine Glycine 
Tryptophan Alanine 
Histidine Serine 
Phenylalanine Aspartic acid 
Leucine Glutamic acid 
Isoleucine Proline 
Threonine Hydroxyproline 
Methionine Citrulline 
Valine Tyrosine 
Argininet Cystine 








*After Rose, W. C.: Science 86: 297, 1937. 


+Arginine occupies an intermediate position, since it can be synthesized by the animal 
but not rapidly enough to permit normal growth. 


In addition to the indispensability of certain amino acids for growth, it is 
more than likely that some of them are essential to the maintenance of health 
in adults as well as in the young. A lack of tryptophan, histidine, or phenylal- 
anine is one cause of cataract formation in rats (Bowles and others), and other 
effects observed following tryptophan deficiency have been defects in teeth, 
alopecia, hypoproteinemia, hypochromic anemia, atrophy of the testes, and 
other effects upon the reproductive organs. 

Experiments have been cautiously extended to the human race to ascer- 
tain whether the same indispensability of amino acids applies. The chief 
eriterion has been the determination of nitrogen balance; that is, a comparison 
of the amount of nitrogen excreted with that ingested in the food (see Chapter 
15). Normally, the amounts are about the same. If, following the feeding 
of a food mixture, there is a net loss of nitrogen, the assumption is that the 
food is not adequate to maintain the tissues of the body. As a consequence, tissue 
protein is broken down and more nitrogen is lost than is taken in. Feeding a 
easein hydrolysate, from which individual amino acids were removed, to human 
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subjects was the method used in Holt’s laboratory. Tryptophan, lysine, and 
methionine were found to be necessary for nitrogen equilibrium in man. Rose 
has in recent years done much work on this problem, using pure amino acids in 
the ration which he administered to the human subjects and following their 
nitrogen equilibrium over a considerable period of time (Fig. 13). From his ex- 
periments he coneludes that only eight amino acids are essential to young, 
healthy, adult males: lysine, tryptophan, phenylalanine, leucine, isoleucine thre- 
onine, methione, and valine. In these experiments neither histidine nor arginine 
was found to be indispensable; i.e., man can synthesize them if they are 
not present in the diet. These investigators have also determined the min- 
imum daily requirement of the eight indispensable amino acids (See Table 
XIT). It must be remembered that this was determined on a group of healthy. 
young adult males and consequently cannot be taken as the standard human 
requirement under all conditions. 


TABLE XIT 


MINIMUM AND RECOMMENDED INTAKES OF INDISPENSABLE AMINO AcIDS FoR YounG HEALTHY 
MEN WHEN Diet FURNISHES SUFFICIENT NITROGEN FOR SYNTHESIS OF NONESSENTIALS 
(STRICTLY TENTATIVE VALUES) * 











MINIMUM DAILY RECOMMENDED 
REQUIREMENT DAILY INTAKE SUBJECTS 
s AMINO ACID (GM. ) (GM.) TESTED 
L-Tryptophan 0.25 0.5 31 
L-Phenylalanine 1.10 2.2 22 
L-Lysine 0.80 1.6 27 
L-Threonine 0.50 1.0 19 
L-Valine 0.80 1.6 23 
L-Methionine 1.10 2.2 13 
L-Leucine 1.10 2.2 8 
L-Isoleucine 0.70 1.4 8 





*From Rose, W. C.: Amino Acid Requirements of Man, Fed. Proc. 8: 546, 1949. 


Since it is evident that no one eats purified proteins, or mixtures of amino 
acids, we must ask ourselves how this affects us from a practical standpoint. 
Are the proteins of any foodstuff deficient in one or more of the essential 
amino acids? Whole eorn is low in tryptophan and lysine, wheat gluten is 
low in tryptophan, lysine, and threonine, and gelatin is deficient in trypto- 
phan, leucine, isoleucine, threonine, methionine, and valine. Except for gel- 
atin, hemoglobin, and keratin, the animal proteins are, in general, well bal- 
anced in their amino acid distribution. Yeast, corn germ, wheat germ, and 
soybeans yield approximately the same proportions of amino acids as a the 
animal proteins (Block and Bolling). The analysis of many foodstuffs for 
their amino acid content is not yet available. However, it is apparent that a 
mixed diet, containing some animal protein—milk, meat, fish eggs—will in- 
sure the ingestion of an adequate mixture of the essential amino acids. 

Assay of Amino Acids.— The analysis of pure proteins, of protein-hydrol- 
ysates, or of protein-containing foods for their content of the various amino 
acids is frequently required. However, the chemical] methods available are 
m many cases, difficult and time consuming. Other methods have accordingly 
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been devised, the most important of which are the microbiological and the 
chromatographic procedures. 

MicropioLocicaL Assay.—Some of the amino acids are as essential to the 
life of microorganisms as they are to animals. This fact has been utilized 
in the various ‘‘microbiological’” assay methods. Lactobacillus casei, for in- 
stance, requires the presence of at least sixteen different amino acids in its 
medium if adequate growth is to occur. There is a direct relationship between 
the amount of each of these amino acids present in the medium (below its 
optimal value) and the amount of growth of the organism. Consequently if a 
medium is made up which is lacking in one of these amino acids, and the sub- 
stance to be analyzed is added, the amount of growth will depend upon the 
amount of that particular amino acid in the ‘‘unknown.’’ The quantitative 
estimation of growth in the case of Lactobacillus casei is made by determining the 
amount of lactic acid produced by this bacillus, either by titration or by 
measuring the shift of -pH. 


Role of Valine 


N Balance Wed.) Hey OL.O kilos 
ay 7.02 gm. N (10 amino acids) 

2952 Calories -Valine +Valine 
+1 


-1 





-2 
Fig. 13.—Determination of the indispensability of an amino acid for man. The initial 

diet contained 6.7 grams of nitrogen in the form of a mixture of the ten amino acids previous- 
ly found to be essential for the growth of animals. The remaining nitrogen came from other 
components of the ration. The total nitrogen content of the diet was kept constant throughout. 


Valine was removed from the food at the first arrow and was returned at the second arrow. 
The horizontal units represent single days. (Courtesy Prof. W. C. Rose.) 


Microbiological assays may also be done (1) by observing and measuring 
the production of gas by yeast, (2) by determining the degree of turbidity 
resulting from multiplication of the microorganism, and (3) in the case of molds, 
by actually weighing the mycelia formed. In all cases curves must first be 
prepared from determinations of known amounts of the amino acid, using the 
selected organism under carefully standardized conditions. Naturally the organ- 
isms will vary in their behavior, since all amino acids are not indispensable to 
the same extent in all microorganisms. Mutants of Neurospora, the red bread 
mold, produced by the action of x-ray, have been found to be very valuable 
in this type of work. These are distinct strains which are unable to manufacture 
certain nutrients; for example, definite amino acids or vitamins. For example, a 
given mutant, unable to synthesize methionine, will not grow in a medium 
lacking this amino acid. Therefore, if one wishes to analyze an hydrolysis 
mixture for methionine, this mixture would be added to the methionine-free 
medium in definite proportion and the amount of growth of the mold would 
indicate the methionine content of the unknown. 
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Fig. 14.—A two-: 
mixture was placed on the d 
filter paper and was dried. The lower 
phenol and the paper was suspende 
the paper, carrying with it the amino acids. 
paper was then turned at ri; 


limensional paper chromatogram. A measured drop of the amino acid 
ot at the lower left-hand corner of the 19 by 22 inch sheet of 

edge of the paper was then dipped in a trough of aqueous 

d over glass rods. The solvent climbed by capillary action up 
These were deposited along a vertical line. The 

par ( ght angles so that the vertical left-hand edge became the bottom. 
This edge was then dipped into the second solvent, lutidine-alcohol-water, and the process was 
repeated, thus separating the spots of amino acids still more. At the completion of the run 
the paper was dried and sprayed with ninhydrin to develop the color. Violet to purple colors 
were produced except in the case of proline and hydroxyproline, which gave yellowish hues. 
The amino acid spots are identified as follows: A, arginine; L, lysine; MSO, methione sulfoxide ; 
Hi, histidine ; V, valine; Les, leucine and isoleucine; PA, phenylalanine; T'y, tyrosine: Ala, ala- 
nine; Th, threonine; Gl, glycine; Se, serine; GA, glutamic acid: AA, aspartic acid; Pro and 
Hypro (yellow), proline and hydroxyproline, (Courtesy Dr. Richard J. Block. ) 
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Ion EXCHANGE AND CHROMATOGRAPHIC ANALYSIS oF AMINO Acrps.—Besides 
chemical methods of separation and estimation of amino acids and the micro- 
biological assay techniques described above, amino acids may be separated from 
each other in hydrolysis mixtures by other procedures. Ion exchange materials 
will selectively adsorb basic or acidic amino acids as the ease may be. Thus 
arginine and lysine may be exchanged for Na* on the synthetic cation exchange 
zeolite ‘‘permutit’’ (see page 81) (Whitehorn), and dicarboxylic amino acids 
are adsorbed on an anion exchange resin (Amberlite I R-4) (Cannan). The 
amino acids may then be eluted by a suitable reagent. 


Nat Zeo- + Lysine — Lysinet Zeo- + NaOH 


Amb* Cl- : Aspartic — Amb* Aspartic acid~ + HCl 
do 
x 
On Hz 

Chromatography (see page 42) may be used to separate the amino acids 
and in some instances depends upon the same forces as operate in the case of 
the ion exchangers. Paper chromatography is a recent and very interesting 
levelopment. Fig. 14 shows a paper chromatogram. A mixture of amino 
acids dissolved in a minute amount of fluid was placed in the lower left corner 
of the sheet of filter paper and dried. The sheet was then dipped into a 
solvent, aqueous phenol, and as this was drawn up into the paper, the amino 
acids were drawn with it but at different rates. Thus they were separated from 
ach other but not completely. To accomplish complete separation, a second 
solvent, lutidine-aleohol-water, was used, and the sheet was turned at right 
angles. This two-dimensional chromatogram was then sprayed with ninhydrin 
30 that the spots would become visible as purplish areas. (See Fig. 14.) The 
identity of the amino acid responsible for each spot is ascertained by running a 
szontrol of pure amino acid solution. Besides qualitatively determining the 
imino acids, a fairly accurate quantitative measurement is possible by de- 
termining the maximum density of the color of the spot. 

Estimation of Proteins.—For practical purposes, the amount of protein in 
a food is determined by analyzing for nitrogen. Proteins in general contain 
about 16 per cent nitrogen. Therefore, N x 6.25 — percentage of protein. 
This is not entirely accurate since many proteins vary considerably from this 
16 per cent figure; egg albumin, for instance, has 15.5 per cent and edestin 
18.6 per cent. Furthermore, some of the nitrogen present may not be in the 
form of protein. Nitrogenous extractives, such as creatine and purines, are 
examples. The nitrogen is estimated by the Kjeldahl method. 

KseupauL Meruop.—The weighed or measured nitrogenous material (food in this 


instance) is placed in a special Pyrex flask and to it is added concentrated sulfuric acid. This 
's then heated directly over a flame until the ‘‘ moist combustion’’ is complete. Usually a 
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catalyst is added to hasten the reaction, All nitrogen compounds, except nitrites ee man 
are converted by this reaction to (NH,),S0O,. After cooling and suitable dilution, the mix “a 
is made strongly alkaline and the NH, distilled over into a known quantity of standard acid. 
Titration with standard alkali permits estimation of the amount of acid neutralized by the. 
NH,. Micromethods are also available, and the NH, may be determined colorimetrically. 
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Chapter 6 
TISSUES 


THE CELL 


The typical animal cell consists of a cell membrane which surrounds and 
encloses the cytoplasm. In the cytoplasm is found the nucleus and other struc- 
tures, some microscopically visible, such as mitochondria, and others of sub- 
mieroseopie size. The identification of characteristic substances in morpho- 
logical structures is now being studied by histochemical methods. Histochemistry 
is a comparatively new field, but it is making rapid strides as new methods are 
being developed and applied. Thus far, these fall into four general groups. In 
the first, the substance is stained in situ or the products of enzyme action are so 
stained and the location of the substance or enzyme is made visible under the 
microscope. If the substance to be detected is highly diffusible, the tissue is 
frozen, serial sections are made, and the sections are dried in the frozen state 
under reduced pressure. In the second general procedure the sections are not 
stained but absorption of specifie radiation is used to localize and even to de- 
termine quantitatively the absorbing substances. For example, nucleic acids 
absorb ultraviolet radiation of 260 my wave length and ean be located and 
measured by absorption of this radiation. The third general procedure is that 
developed particularly by Linderstrém-Lang and Holter. Serial sections 
of a tissue are made and alternate sections are studied histologically and micro- 
chemically. For example, a number of pieces of gastric mucosa are punched 
out and of each one serial sections are made. The cells of every other sec- 
tion are counted and tabulated ; i.e., the number of chief, parietal, and other 
cells is studied statistically. At the same time, microchemical analyses for 
pepsin, for example, are made on the other sections. By such a combination 
of methods the location of the pepsin in the chief cells has been demon- 
strated (see Chapter 10). Still another method is the Separation of the various 
Sorts of particles by ultracentrifugation. .The cell membranes are first 
mechanically ruptured and the cell contents are suspended in a liquid medium 
and then subjected to high-speed centrifugation. In this way the different 
constituent parts are separated, Their identity can be established by micros- 
copy and then the chemical and physical characteristics of each studied. 

Fig. 15 shows a diagram of a typical cell, in this ease a liver eell, with 
indications of various cellular structures. 

The Cell Membrane,—The chemical nature of the typical cell membrane 
is not known, but from histological evidence and physiological behavior some 
hypotheses have been formulated. Thus, certain dyes act as ‘‘vital stains’’; 
that is, they penetrate the cell walls of living cells and color the contents with- 
out jury. Among these stains are neutral red, methylene blue, and others 
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soluble in cholesterol, phospholipids, and the cerebrosides, whereas dyes which 
are, in general, insoluble in the lipids do not penetrate the cell. This leads one 
to believe that lipids are present in the cell membrane as well as in the eyto- 
plasm. The membranes are permeable to water, to some, but not all, ions, to 
food solutes, and to outgoing waste products. These and other porinideratias 
have led to the hypothesis that the cell membrane of a typical cell may be a 
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Fig. 15.—Schematic view of liver cell showing nucleus, cytoplasm, and cell membrane. 
Mitochondria, large cross-hatched bodies; submicroscopic lipoprotein complex. small _ solid 
spheres: particulate glycogen, hollow spheres; asymmetric micelles probably responsible for 
sol-gel changes, long narrow threads. (From Lazaraw, Arnold: Biological Symposia 10: 9, 


1943, The Ronald Press Co.) 





mosaic. Some parts of the patterns may be sievelike to permit particles of the 
solutes to pass through according to their size. Other sections may be solvent- 
like surfaces which dissolve certain solutes in them, permitting them to pass in 
or out as the case may be. Still other parts may consist of films of mono- 


molecular dimension. 
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The Nucleus.—The nucleus contains a comparatively large amount of 
a particular nucleoprotein, located in the chromosomes. The nucleoprotein 
present yields, on hydrolysis, desoxyribose nucleic acid and a protein (see 
Chapter 15). Since the other type of nucleoprotein, yielding ribose nucleic 
acid, is found in cytoplasm, the terms nucleoprotein and nueleie acid are really 
not appropriate. The protein constituents of the nucleoproteins are histones 
and protamins. The amount of desoxyribose nucleic acid present is a con- 
stant for the different cells of the same organism and is twice the amount 
found in the sperm cell of that organism. The protein with which the nucleic 
acid is combined is not constant quantitatively, although just as important 
from a functional standpoint. (Mirsky.) The inorganic elements of the nucleus 
include calcium and magnesium with little potassium, except perhaps in the 
nucleolus. Most of the potassium is in the cytoplasm. 

The Mitochondria.—The mitochondria are present in practically all living 
cells. They are visible in the living cell and may be stained with Janus green 
. Supravitally; that is, the dye is applied to the living cell, which is killed by this 
action. They were separated by Bensley and Hoerr and have been analyzed. 
They are yellow in color and contain cholesterol, proteins, including nucleopro- 
tein, and large amounts of phospholipid and fat, The color is due to the presence 
of a flavoprotein. The mitochondria are the site of many enzymes, perhaps 
several hundred. 


Submicroscopic Structures.—Several different submicroseopie structures 
have been described. These can be observed with the use of the ultramicroscope 
and they, too, have been separated by special methods. One of these, found in 
the live cell, is a lipoprotein complex, containing fats, proteins, and nucleo- 
proteins. It is cherry red when obtained in sufficient amount for observation. 
It has a higher content of lipids, nucleoprotein, flavoprotein, and water than 
mitochondria. The color, again, is ascribed to the presence of a flavoprotein. 
Another type is ‘‘particulate glycogen.’’ This consists of glycogen with a 
small amount of protein and a considerable amount of water. A threadlike 
micelle is a third submicroscopic component. Some authorities believe that 
a micellar structure of protoplasm accounts for a number of its peculiar 
properties. Local changes in micellar forces, which undoubtedly oceur in pro- 
toplasm, could account for changes from the sol to the gel form and vice versa 
and these appear to be related to amoeboid movement, cell division, and othe 
cellular activities. Other demonstrable organized material in the Serine are 
the Nissl bodies in nerve cells and the Golgi apparatus in nervous and other 
tissues. Neither can be seen in living unstained tissue, but there seems to be no 
doubt that they represent structures present in living cytoplasm. The Nissl 
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Between the particulate and micellar constituents, there is a continuous 


ea phase which is not visible under the microscope. This contains soluble 
es Ste organic substances ready for utilization, such as glucose; products 
of cellular activity, such as creatinine; and electrolytes. A large proportion 


of the cellular proteins is probably in this form ; i.e., not a part of the structural 
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or particulate components of the cell. Some of the enzymes present in the cell 
appear to be situated within or in close association with the mitochondria and 
the submicroscopic lipoprotein complex. Whether all of them are so located 
is not yet known, but such a position would permit the various functions related 
to sol-gel changes to occur without interfering with enzymatic reactions. 

Mineral Constituents of Tissues.—The location of the mineral constituents 
of cells and intercellular substance has likewise been subjected to histochemical 
study. This is done by microincineration. The tissues are fixed in an 
ash-free fluid, imbedded in paraffin, and incinerated in a special device. 
The mineral residue is examined by reflected light in the dark field. The 
eolor and crystalline structure, in most cases, are the clues to qualitative 
recognition. By this method, as well as by the use of the electron microscope, 
it has been found that the distribution of minerals withih the cell is not uniform. 
Certain minerals are localized in specific regions. For example, the calcium and 
magnesium are concentrated in the nucleus, the cell membrane, the anisotropic 
dises of striated muscle, the zymogen granules of the pancreas, and in a few. 
other locations. Other salts are present in other parts of the cell. 

When tissues are analyzed by the usual biochemical methods, as dis- 
tinguished from histochemical methods, the morphological structures such as 
mitochondria, ete., are disintegrated and the typical substances described in the 
preceding chapters are found. It is by such methods that most of our informa- 
ion up to the present has been obtained, and much of this knowledge is being 
3 by the younger science of histochemistry. As time goes on, the two types 
bf study will undoubtedly merge, or they will become more and more closely 
orrelated. 





GENERAL COMPOSITION OF TISSUES 


All cells—at any rate, all mammalian cells—contain the following primary 
r essential constituents: water, proteins, lipids, carbohydrates, inorganic 
alts, and enzymes. The proteins always present include albumins, globulins, 
nd nucleoproteins. Invariably, phospholipids and cholesterol are found. It 
s probable that small amounts of fats occur in all cells. Hither glycogen or 
onosaccharide is available to every cell. In addition to these constituents, com- 
on to all cells, there are secondary or special constituents characteristic of the 
articular tissue in which the cell is found. In some cases the special constituent 
simply an extraordinary amount of one of the essential constituents. For ex- 
mple, a cell of adipose tissue is characterized by a comparatively tremendous 
mount of lipid. Other examples of these special constituents are the keratin of 
pidermal tissues, the glycogen of liver cells, the hormones of the endocrine 
lands, and hemoglobin of the red blood cells. Finally, there is always a 
reater or smaller amount of intercellular material which often overshadows 
he cells themselves in importance. The peculiar characteristics of specialized 
issues are due to the chemical or physical nature of some one or more of their 
econdary constituents or to the intercellular substances. | 
The proteins of the various tissues differ from each other in their amino 
cid content. This is not as great, for certain tissues, as one would expect, 
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however, The proportions of eighteen amino acids in human liver, heart, and 
muscle tissue were found to be remarkably similar, but those of the skin were 


quite different (Bocobo). 


Epidermal Tissues 


The epidermis consists of several layers, the lowest layer of which is the 
most active physiologically and therefore contains the most water. This is 
the stratum germinativum. As the cells lose water and are displaced by new 
ones, they are moved toward the surface. The next layer, the stratum granu- 
losum, is made up of cells containing granules which are deeply stainable by 
basie dyes. These granules are composed of an albuminoid called ‘“kerato- 
hyaline.’’ This is believed to be the precursor of ‘‘eleidin,’’ a semifluid sub- 
stance occurring in the next highest layer, the stratum lucidum. The cells com- 
posing the stratum lucidum are shiny and refractile and do not stain with basie 
dyes. Evidently some marked chemical change occurs in the transition of kerato- 
hyaline to eleidin. Another change occurs when eleidin is transformed into 
keratin, the characteristic constituent of the uppermost layer, the stratum 
corneum. This layer is not as refractile as the lower one, the cells are tightly 
packed, and the nuclei are gone. 

Keratin is an albuminoid. It is probable that more than one keratin exists 
in human skin. The chief characteristic of insolubility in water and in all neu- 
tral reagents makes it an ideal protective covering for the body. 

Other epidermal structures besides the skin, such as nails and hair, also 
consist largely of keratin. Keratins are soluble in strong acids on the applica- 
tion of heat and in strong alkalies, .but undoubtedly this is accompanied by de- 
composition. They are also dissolved by sulfides of the alkalies and alkali 
earths. They are characterized chemically by their high content of cystine, 
lysine, and arginine. Feeding cystine to animals on a low protein diet promotes 
the growth of hair. The keratin molecule probably consists of polypeptide chains 
closely packed together and joined to one another by the -—S—S— bonds of the 
cystine units. That is, half of each such cystine is situated in one chain and 
half in the chain next to it, and the disulfide linkage acts as a bridge to unite 
the two. This firm and close union is believed to account for the relative in- 
solubility and indigestibility of these proteins. Ag previously stated, the 
keratins can be digested if pulverized very finely, thus mechanically breaking 
these disulfide bonds. 

Skin also contains a small amount of lipids. In the subcutaneous tissues 
there is a considerable quantity of lipids, and it is interesting to note that about 
one-fifth of this lipid material consists of sterols. It is one of these sterols 
which on irradiation by ultraviolet light is changed to vitamin D. (See page 
264.) Fat, fatty acids, and phospholipids are also present. Lanolin, or wool 
fat, which finds some use in medicine, consists of esters of palmitic, stearic, and 
oleie acids with cholesterol and other sterols. Human sebum contains a con- 
siderable amount of hydrocarbons, about one-third of which is squalene. Cho- 
lesterol and other lipids are also present, but there is very little protein. 
Cerumen, or ear wax, is composed of over 40 per cent proteins and about 13 
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per cent neutral fats, with smaller amounts of phospholipids, cholesterol, and 
other lipids. Carbohydrates in the skin include glucose and glycogen. It 
has been claimed that the skin may act as a temporary storage depot for 
glucose when this is present in the blood in large amounts. Inorganic radicals 
present in all human tissues are found in epidermal tissue. Toxie heavy 
metals, however absorbed, seem to find their way in part to the skin and 
are deposited there. In silver poisoning, argyrism, the skin may become bluish 
in color and remain so for years. 

The chief pigment of skin is melanin. This occurs in variable amounts as 
fine granules in the cells, and between the cells, of the stratum germinativum. 
Dark-skinned races have more than the white race and brunettes more than 
blondes, while albinos have none, probably as a result of the absence of an enzyme 
which produces it from tyrosine through 3,4-dihydroxyphenyl alanine. The 
latter substance is also called ‘‘dopa’’ for short, and the enzyme in the 
skin which converts it into melanin is tyrosinase. This conversion is aided 
by the ‘‘tanning”’ action of sunlight, but the mechanism of this action, as well 
as the structure of melanin itself, is unknown. Melanin is a dark brown sub- 
stance, quite insoluble in all ordinary reagents except alkalies, although all 
melanins do not dissolve readily even in these reagents. The relationship of 
the melanins to tyrosine and adrenaline is discussed in Chapter 15. 


Connective Tissues 


The connective tissues are composed of a relatively small number of living 
cells embedded in an intercellular material often called the matrix. It is this 
intercellular material which gives the different tissues their distinctive physical 
properties. Several albuminoids and conjugated proteins are present in these 
tissues in varying proportions. Collagen is one of the former. It is a tough 
fibrous material present in very large amount in the tendons. Like keratin, it is 
insoluble in the usual protein solvents; in fact, it is insoluble in everything which 
does not change it chemically. Tannic acid converts it into a very hard material 
which is resistant to putrefaction and is the basis of leather. Another most 
important chemical property is its transformation to gelatin. This may be ac- 
complished by boiling it in water for a long period or in acid solution for a 
shorter time. While this is being done, the collagen swells up at first and then 
gradually goes into solution. Upon cooling and standing, the solution becomes 
a semisolid gelatinous mass. There is some question as to whether this change 
is a hydrolysis or an intramolecular rearrangement. It is surely a partial 
hydrolysis, because gelatin contains somewhat less tyrosine than collagen, but 
it may also be an intramolecular rearrangement. Collagen is slowly digested by 
pepsin and only slightly attacked by trypsin, but gelatin is rapidly digested. 
This indicates that the fibrous parts of meat are more easily digested after 
cooking. Because gelatin is so readily digested and can be prepared in very 
palatable and attractive forms, it is a common article of diet for invalids and 
eonvalescents. This is all right if not carried too far. Gelatin is by no means 


an adequate protein since it contains no tryptophan and insufficient amounts 


of certain other amino acids. 
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Elastin is similar to collagen in many of its properties. It is also tough and 
strong but is more elastic. It is found in the ligaments in large amounts and 
also in the walls of the blood vessels, in the lungs, and in other tissues where 
elasticity is needed. Like collagen, it is not confined to a few tissues, but fibers 
of both frequently are found in many locations. Collagens and elastins are the 
only proteins containing significant amounts of hydroxyproline, collagens 
having about 13.5 per cent and elastins about 2 per cent. (Neuman and 
Logan.) Elastin is also insoluble in all solvents which do not change its 
chemical nature. It is not converted into gelatin, as is collagen, but is slowly 
digested by proteolytic enzymes. It, too, is an inadequate protein, nutritionally. 
The white fibers of connective tissue differ from the yellow elastic fibers not only 
in color and in the properties mentioned, but also in the different staining re- 
actions which are quite specifie for each. The reticular fibers of reticular tissue 
contain ‘‘reticulin,’? an albuminoid which resembles collagen very closely. 
In the subcutaneous tissues are found collagen and reticulin. 


Mucoids are present in all the connective tissues. They are glycoproteins 
which on hydrolysis yield a protein and a mucopolysaccharide, or acid poly- 
saccharide, such as chondroitin sulfuric acid (or chondroitie acid), hyaluronic 
acid, or mucoitin sulfuric acid. Chondroitin sulfuric acid has, as its hydrolytie 
products, sulfurie acid, acetie acid, glucuronic acid, and galactosamine. It 
occurs in a highly polymerized state, somewhat like starch and glycogen. Hy- 
aluronic acid (see page 102) yields acetie acid, glucuronic acid, and glu- 
cosamine as its hydrolytic products. Mucoitin sulfurie acid differs from 
chondroitin sulfuric acid only in having glucosamine in place of galactosam- 
ine. Mucoitin sulfuric acid occurs in the mucus secretion of epithelial cells, 
while chondroitin sulfurie acid occurs in connective tissue and its secretions, 
such as the synovial fluid in the joints. The mucoids are termed tendo- 
mucoid, osseomucoid, and chondromucoid, depending upon whether they 
are derived from tendon, bone, or cartilage, respectively. They may be obtained 
from the tissue by extraction with limewater, since the calcium salts are soluble. 
Subsequent acidification precipitates them from this solution. The composition 
of white fibrous and yellow elastic tissue of the ox is compared in Table XIII. 
It is to be noted that they resemble each other closely in all constituents except 
elastin and collagen, which are about reversed ; i.e., white fibrous tissue is high 
in collagen and low in elastin and yellow elastic tissue is high in elastin and low 


in collagen. Both are extremely deficient in inorganic matter and coagulable 
protein and rather low in mucoids. 


Cartilage is a hard homogeneous tissue, flexible when in thin layers. It 
resembles bone chemically but has far less mineral matter and far more water. 
Its organic basis is chiefly collagen, with another albuminoid, chondroalbuminoid 
and some chondromucoid. Chondroalbuminoid resembles elastin in some = 
spects, especially in its digestibility. Chondromucoid is very similar in com- 
position to if not identical with tendomucoid. The collagen ig the same as that 
found in the other connective tissues, and gelatin may be obtained very easily 
from it. Elastic fibers composed of elastin are present in elastic cartilage. tend- 
ing to give added flexibility to this tissue. Articular cartilage is exaacdoiele 
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elastic. It will recover quickly and completely from repeated intermittent 
pressures. This property, which enables cartilage to absorb the shocks to 
which the body is subjected, is lost on drying but is regained when water is 
permitted to return. It is quite possible that vitamin D is in some way related 
to the development and health of cartilage in addition to being involved in its 
normal conversion into bone (see Chapter 12). 


TABLE XIII 


COMPARISON OF WHITE FIBROUS AND YELLOW ELASTIC TISSUE Or THE Ox 











WHITE FIBROUS YELLOW ELASTIC 
(BUERGER AND GIES) (VANDERGRIFT AND GIES) 
PER CENT PER CENT 

Water 62.87 57.57 
Inorganic matter 0.47 0.47 
Lipids 1.04 utah 
Coagulable protein 0.22 0.62 
Mucoid 1.28 0.53 
Elastin 1.63 31.67 
Collagen 31.59 7.23 
Extractives, etc. 0.90 0.80 

Bone 


True osseous tissue, as distinguished from bone marrow, contains only 
from 20 to 25 per cent water. This is much less than is found in most tissues 
and indicates that bone is not an active tissue physiologically. It is the struc- 
ture which supports the body and protects various vital organs; consequently, it 
must have toughness, rigidity, and strength. It is not surprising then to find 
that the dry matter is made up of a large amount of mineral salts laid down 
in an organic matrix. About 60 per cent of the dry matter is inorganic and 
40 per cent is organic. The organic basis of bone comprises a collagen, 
‘‘ossein’’; osseomucoid; and ‘‘osseoalbuminoid,’’ an albuminoid closely re- 
sembling elastin. A proteinase and a peptidase have been found in the bones 
of young animals. 

Analysis of the ash of bone reveals a great preponderance of calcium, a small 
amount of sodium, less magnesium, with still smaller quantities of potassium 
and other basic elements. The negative radicals are chiefly phosphate, with 
some carbonate and small amounts of chloride and fluoride. It is now generally 
considered that most of the inorganic matter of bone is in the form of complex 
salts (apatites) having the general formula: 


BX . 2 or 3 Ca;(POQ,). 


in which B may be Ca or Mg, Na, or K,, and X may be CO,, (OH),, Mirek Bon, 63 
or SO,. The salt present in largest amount is CaCO,.3Ca,(PO,), and next is 
MgCO,.3Ca,(PO,),. In lead and radium poisoning, these elements take the B 
position. However, no definite salt is present as an unchangeable combination. 
The bone salts continually change, one element or another moving in or out. 
They resemble lattices with the atoms entering and leaving the spaces in the 
erystal structure. Slight differences in pH and in the available concentrations 
of the necessary ions account largely for these variations. 
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The hardness and rigidity of bone are chiefly due to the inorganic salts, 
while the elasticity and toughness are attributable to the organic matter. This 
ean be illustrated by two simple experiments. If a small piece of bone is in- 
cinerated, there will result a white ash having the form of the original fragment 
of bone. When this is ground in a mortar it will be seen to be brittle and can 
be ground to a fine powder, the hardness of which will be apparent. On the 
other hand, if a bone is subjected to the action of dilute HCl for a number of 
days, the inorganic salts will be removed and the material left will again be seen 
to have the exact form of the original bone. However, it will no longer be hard 
and rigid but tough and flexible. The combination of these inorganic and 
organic fractions results in a very strong tissue with high tensile strength. 
Since bone is laid down first as cartilage or membrane which becomes impreg- 
nated more and more with inorganic salts, it is easy to see why children’s bones 
are less easily broken than adults’. 

Citrate has been discovered as a constituent of human bone to the extent 
of about 1 per cent of the dry matter, which may constitute as much as 70 per 
cent of the citrate of the whole body. (Dickens.) When means are employed 
to increase the citrate excretion into the urine, this ‘‘extra citrate’’ does not 
come from the stores in bone. (Class.) Nevertheless the citrate content of 
bone is not constant and is therefore apparently available for some physio- 
logical need. Its exact function is not known. It may be a source of energy 
in bone or other tissue metabolism, but it probably has a special role in eal- 
cium metabolism by virtue of its power to bind calcium. This calcium citrate 
complex is soluble and diffusible but is un-ionized. 


Bone Formation 


In the formation of the complex bone salt described, it is necessary that the 
concentration of the various ions involved exceed the saturation point at the site 
of deposition. Since calcium and phosphate make up the greater part of this 
salt, it is evident that these are the ions chiefly involved. 

In the process of bone formation two enzymes appear to be involved: phos- 
phorylase and phosphatase. The epiphyses of the bones of growing mammals 
have been shown to contain a phosphorylase. This enzyme catalyzes the inter- 
conversion of glycogen and glucose-1-phosphate. The phosphatase hydrolyzes 
this substrate as well as any other phosphoric acid esters which may be avail- 
able. Thus the hexose-phosphates, glycero-phosphates and nucleotides are 
potential sources of phosphate ions. The phosphatase which is found in high 
concentration wherever bone is being formed is probably produced by the 
osteoblasts, and the concentration of PO, ions is raised locally near these cells 
as a result of enzyme action. Calcium is present in blood both in ionized and 
un-ionized form. The un-ionized calcium is partly diffusible and partly not 
diffusible. The nondiffusible calcium is largely that fraction combined with 
protein, while the calcium citrate complex forms most of the un-ionized dif- 
ni usible part. Probably the chondroitin sulfurie acid of erowing bone unites with 
calcium to provide a local surplus of available caleium. ‘Normally the econeentra- 
tions are such that the product of ionie caleium and phosphate is about 36 to 40 
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mg. per 100 ml. of plasma. Products above 40 are found when bone growth or 
healing is taking place, while products below 40 generally are seen in active rick- 
ets and in other conditions in which bone formation is not occurring properly. 
When the concentration of both ealeium ions and phosphate ions is increased be- 
yond the saturation point, the formation of colloidal ealeium phosphate occurs. 
How this is changed to bone salt is a matter of dispute. One view is that it oe- 
curs in a series of steps until finally the apatite molecule is produced and addi- 
tions or substitutions oceur until a more stable and insoluble salt is achieved. 
This has been demonstrated by following the course of radioactive phosphorus, 
p*. After administration, this is rapidly taken up by bone and built into the 
apatite structure. Enzyme conditions are favorable for the production of 
citric acid in calcifying areas of bone, and it is probable that citrie acid is 
coprecipitated during deposition of bone salt. Citric acid is thus available for 
the re-solution of calcium when that is brought about, and a high citrie acid 
concentration could even reverse calcification and solubilize bone salt which 
has already been laid down. (Dixon and Perkins.) 


The phosphatase is present in large amounts in the layer of osteoblasts on 
the surface of growing bone and in smaller amounts in adult bone but is absent 
from cartilage which is not undergoing ossification. The optimum pH at which 
phosphatase acts is an important factor. This is about pH 9.0. In this connec- 
tion it should be noted that just prior to ossification chondroitie acid usually 
disappears from those areas in which osteoblastic activity is exerted. (Sylvén.) 
This tends to change the pH in an alkaline direction. However, phosphatase 
is present in certain tissues which do not ossify, e.g., the intestine, and it is 
absent sometimes when pathological calcification is taking place, as in the 
arteries. It is therefore evident that the phosphatase theory of bone formation 
(Robison’s) does not tell the whole story. It is also significant that there is 
an accumulation of glycogen in the cells of epiphyseal cartilage prior to 
calcification. This is undoubtedly due to the presence of a phosphorylase, 
which thus provides not only organic phosphate, but also, perhaps, a supply of 
energy, which may be required in some enzymatic phase of calcification. 
(Gutman and Yi.) 

It should be noted that the bone calcium is in equilibrium with the calcium 
of the blood. Consequently, the latter can be kept at a fairly constant concen- 
tration by a slight shift of caleium from the bones to the blood or vice versa. 
As mentioned previously, the bone salts are continually being absorbed and re- 
‘built. The salt formed is not of constant composition because the local condi- 
tions in the developing bone differ from time to time, as does also the chemical 
composition of blood. This process of decalcification and recalcification is under 
the control of various factors. Some of these are vitamins D, C, and A and the 
parathyroid and anterior pituitary gland secretions. It is self-evident that the 
amounts of calcium and phosphorus in the diet are important, as are various 
factors controlling their absorption and metabolism; e.g., amounts and propor- 
tions of dietary protein and fat, the acid-base balance, and the vitamins and 


hormones mentioned. 
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In rickets the amount of calcium phosphate in the bones is much below 
normal. This is usually the result of inadequate vitamin D which has an In- 
hibiting effect upon the absorption and utilization of calcium and phosphorus. 
Since the concentration of minerals in the bones is low, they become less rigid 
and consequently bend, resulting in bowlegs or other deformities (see Chapter 
12). Vitamin A deficiency retards the erowth of bone, particularly the endo- 
chondral bone formation in rats. If the deficiency is established very early in 
life, skeletal growth is inhibited considerably before the effect upon total increase 
in weight can be observed. 

Vitamin C also is essential to bone development. In scurvy there are 
lesions of the epiphyseal junction of growing bones. Subperiosteal hemor- 
rhages are likely to occur both in growing and adult bone. Rarefaction of the 
alveolar bone leads to loosening of the teeth, dentine is resorbed, and the gums 
become spongy. 

The parathyroid secretion has a regulatory effect upon blood calcium by 
removing calcium salts from the bones, thus tending to raise the calcium level 
of the blood. If this is carried to excess, the bones may be weakened. The 
anterior pituitary gland has a marked effect upon bone growth. In general, a 
hyperactivity causes an increased rate of growth as is seen in the overgrowth of 
the skull in acromegaly and in the huge bones in gigantism; a deficient activity 
is seen in the small bones of pituitary dwarfs. Thus both hormones and vitamins 
share in the complex metabolism of bones. 


Bone Marrow 


Bone marrow is of two kinds: yellow and red. The yellow marrow is 
composed of connective tissue and very large amounts of fat. It has nothing 
to do with the function of forming red cells. That function belongs to the 
red marrow; but the yellow marrow may under some circumstances be con- 
verted into red marrow, which produces the red cells, some of the white cells, 
and perhaps the platelets (see Chapter 8). Red marrow is higher in protein 
but much lower in fat. Both types contain albumins, globulins, nucleoproteins, 
fibrinogen, polypeptides, phospholipids, cholesterol, and extractives. 


Teeth 


The teeth resemble bone chemically to a certain extent. In Fig. 16 is 
shown a diagram of a typical tooth. Over the upper surface of the tooth 
one finds the enamel. This is the hardest substance in the body, a property 
of great value for the masticating and grinding action of the teeth. Only 
about 5 per cent of enamel is water. The remaining 95 per cent consists 
of an organic matrix of keratin impregnated with hydroxyapatite, a caleium 
phosphate with the formula Cayo(POx)5.(OH).. The greater part of the » 
tooth is dentine, which is identical with bone from a chemical standpoint 
although different from it histologically. Dentine protein is largely collagen. — 
(Block, Horwitt, and Bolling.) The inorganic basis is again an apatite,) 
which during growth may be subject to continual changes in composition similar 
to those occurring in the bone salt. In fact, administration of labelled phos- 
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phorus is followed by rapid uptake of the tracer by developing teeth. Once 
the teeth are completely formed and calcified, this ‘‘continuing metabolism”’ is 
reduced toa minimum. Thus, the teeth are not drawn upon for calcium in time 
of need, as are the bones. 

When the enamel breaks and the underlying dentine is exposed, dental 
caries develops. The cause of this formation of tooth cavities has been a matter 
of dispute for years and is still unsettled. It has been assumed that food par- 
ticles lodge in the crevices after the enamel has cracked and decompose under the 
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influence of microorganisms. This causes a local increase in acidity which re- 
sults in further damage to the enamel. It is a fact that dental caries is less 
prevalent in regions where the drinking water is fairly high in fluorides. It is 
also known that fluoride, after ingestion, is deposited primarily in the enamel 
of the teeth and secondarily in the bones. It is claimed that if an optimum 
amount of fluorine is depositéd, it prevents caries either by a chemical action 
or by a physical influence on the enamel. Too large an amount, however, causes 
the enamel to be mottled and brittle (see Chapter 18). 
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Vitamins A, C, and D are all necessary for proper tooth development and 
calcification. Lack of vitamins A and C affects the functional activities of the 
formative cells. A deficiency of vitamin A results in hypoplastic enamel, im- 
perfectly calcified. A lack of vitamin C affects the calcification of dentine. 
Vitamin D not only aids in the absorption of calcium, but also promotes the 
deposition of caletum and phosphorus in teeth. 


Adipose Tissue 


Two types of tissue fat are to be distinguished: protoplasmic fat (élément 
constant) and depot fat (élément variable). The former is an essential con- 
stituent of protoplasm and includes other lipids besides neutral fat. It is claimed 
that this fraction is not reduced in amount in starvation. The depot fat, on the 
other hand, is true adipose tissue and is largely a reserve food supply. A cell of 
adipose tissue is literally a droplet of fat contained in a thin membranous living 
cell. In order to get the fat out of such tissue, it must be heated, the cell mem- 
branes and supporting tissues ruptured, and the fat poured and strained off. 
When fat is ‘‘tried out’’ in this way, very little protein matter is left behind. 
Although the distribution of adipose tissue will vary in different individuals, 
in general a large part of it is in the subcutaneous tissue. Other locations are 
near the kidneys, in the omentum, and in most other tissues except the brain. 

According to recent investigations, it appears that fat must be deposited in 
tissues before it ean be utilized. Even when given in small amounts to a starv- 
ing animal, it was not burned directly as so much fuel, but only after it had 
been incorporated into protoplasm. 

In obesity there is an abnormal amount of fat laid down as adipose tissue. 
This is a result of a surplus of food or an insufficient amount of muscular work. 
However, there are a number of factors which enter into the problem (see 
Chapters 17 and 21). Excess obese tissue can be removed surgically and this 
is frequently done—usually for cosmetic reasons. 


Nervous Tissue 


Nervous tissue makes up only about one-fortieth of the total weight of the 
body, yet the brain and nervous system dominate most of the functions of the 
body. This is done either directly by nerve impulses sent to the tissue or organ 
or indirectly by nervous control of the blood supply to them. We would expect, 
therefore, such a remarkable type of tissue to have a chemical make-up quite 
different from other tissues. This is true. Nervous tissue is characterized by the 
presence of a large proportion of lipids. Fat, however, is not among the lipids 
of nervous tissue. Like all other active tissues, there is a very large amount of 
water present—more in embryonic and in young nervous tissue and increasingly 
less with age. Nearly half of the dry matter of the human brain consists of 
proteins including albumin, globulin, collagen, nucleoprotein, and neurokeratin 
(see Table XIV). The gray matter is much richer in proteins than the white 
matter, as can be seen from Table XTV. Corpus callosum, which is composed 
entirely of white matter, contains 27 per cent proteins, and whole brain, 37 per 
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cent. The proteins of nervous tissue include an albumin, several globulins, a 
nucleoprotein, and neurokeratin. Neurokeratin is the material remaining after 
hervous tissue is subjected to digestion by gastric and pancreatic juices and then 
extracted with organic solvents, dilute acid, and alkali. This protein has the 
physical properties of keratins, to be sure, but contains the amino acids in very 
different proportions than are present in keratins obtained from true epidermal 
tissue. The amino acid content of this and of the combined brain proteins has 
been determined by Block. The relative amounts of cystine, tryptophan, 
histidine, tyrosine, lysine, and arginine are about the same in a number of 
different animals. There is a remarkable constancy in the ratio of lysine to 
arginine in all species except man and monkey. In the other species it is 
lysine :arginine = 100:103-105. In man and monkey it is 100:95-96. The per- 
centage of nitrogen in brain proteins is rather low, namely, 13.4 per cent in 
human tissue. The nucleoprotein content is low but seems to contain a typical 
thymus nucleic acid. Glycogen also is low in nervous tissue; in other words, the 
brain has little reserve supply of carbohydrate. For its proper functioning it 
requires a normal concentration of glucose in the blood in addition to a small 
amount of hexosephosphate, which apparently comes into the tissue by diffusion. 
When the blood sugar becomes too low, as, for example, after an overdose of 
insulin, the brain is affected and symptoms of dizziness, mental confusion, weak- 
ness, delirium, and even convulsions may ensue. The insulin shock therapy 
for schizophrenia (dementia praecox) utilizes this mechanism with some degree 
of success. Small amounts of phosphocreatine, adenosine triphosphate, inositol, 
and other extractives* are also present, as well as various inorganic salts, par- 
ticularly alkaline phosphates. 


TABLE XIV 


SoLips or HUMAN BrAIN* 








WHOLE BRAIN WHOLE BRAIN CORPUS 

(CHILD ) (ADULT) CALLOSUM 

PER CENT PER CENT PER CENT 
Proteins 46.6 Bihell B71 
Extractives 12.0 6. fi 3.9 
Ash 8.3 4.2 or 
Phospholipids 24.2 27.3 31. 
Cerebrosides 6.9 13.6 18.0 
Lipid sulfur 0.1 0.3 0.5 
Cholesterol 1.8 10.9 Wel ie 


*From Koch, W.: Ztschr. f. physiol. Chem. 63: 432, 1909. 


As ean be seen from Table XIV the lipids are present in very large amounts 
in brain tissue. In adult brain they make up more than half of the total solids. 
The phosphatides are present most abundantly, next the glycolipids, then 
cholesterol, with the sulfolipids last. White matter eontains more lipids than 
gray matter, in general. It should again be emphasized that no true fat is present 
in nervous tissue, and experimental work has shown that the metabolic ‘‘turn- 


” ig rather loosely applied to substances which may be extracted 


vc hag ah epee It usually excludes proteins and inorganic salts, 


from tissues by boiling water. 
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over’? of the fatty acids present is very slow in nervous tissue as compared 


with that in other organs. 

Another marked chemical difference between gray and white matter is in the 
mineral content. The ash of the corpus callosum makes up 2.4 per cent of the 
solids, while it is 4.2 per cent of whole brain solids; that is, ash is higher in the 
gray matter than in the white. 

Acetylcholine and Sympathin.—Although acetylcholine and sympathin are 
not present in any considerable amount in nervous tissue, their physiological 
role may be discussed at this time. The transmission of nervous impulses from 
one protoplasmic structure to another is today believed to be accomplished by 
means of chemical compounds. These compounds are produced or released up- 
on stimulation of the nerve at the point where there is a junction with a second 
neuron (synapse) or at the receptor mechanism in the innervated tissue or 
organ. Unlike hormones, they effect their action at the site of production. 
It has been determined that acetylcholine is the substance liberated at all 
autonomic ganglia and at parasympathetic postganglionic endings. (There is 
evidence that it is also liberated at or in the myoneuron junction of striated 
muscle.) Otto Loewi was the first to discover the liberation of this compound 
and his work has since been extended by others, notably Dale and Nachmansohn. 
Cannon and associates have presented evidence in favor of the existence of 
sympathin, an analogous substance liberated at sympathetic postganglionic 
endings. 

Acetylcholine has marked pharmacological properties when introduced in- 
_ travenously into an animal. It slows the heart rate, dilates the arterioles, con- 
stricts the bronchi, and has many other effects. There is present in the blood 
stream, in the tissues, and especially in the axon and just beneath the cell 
surface of the ganglion cell an enzyme which is capable of hydrolyzing acetyl- 
choline into choline and acetie acid compounds which are much less active than 
the parent substance. This enzyme has been named cholinesterase. 


CH; O CH, 
ve Cholinesterase 2% 
CH;—N—CH,—CH,—O—C—CH, ———————-» (CH,—N—CH,—CH,—OH 4+ CH,COOH 
CH, OH CH; OH 
Acetylcholine Choline Acetic acid 


Sympathin is an epinephrine-like compound of undetermined structure 
having many properties which are similar to those of epinephrine, yet differing 
from it in others. It has no effect upon the dilator muscle of the iris, and the 
rise in blood pressure which it produces is not blocked after the administration 
of ergotoxine as is that of epinephrine. 


The transmission of the nerve impulse along the axon and across the synapse 
has been claimed to be an electrical phenomenon by some investigators and a 
chemical one by others. It is not our purpose to enter into the discussion of the 
relative merits of either view, but the evidence seems to point to the impulse 


transmission as being both chemical and electri i 1 
i ical in nature, with the - 
ical action being the primary event. a 
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Muscle Tissue 


Muscle forms a very large proportion of the active tissue of the body. In 
normal adults it is fully two-fifths of the body weight, but about half of the 
metabolic, or chemical and physical, activity of the body takes place in our 
muscles even during rest. When the muscles are contracting, when they are do- 
ing work, fully three-fourths of the total metabolism ean be assigned to them. 
The three types of muscle, voluntary, involuntary, and cardiac, differ somewhat 


in their chemistry, but they have the same general characteristics. In muscle 
we find: 


Water 
Proteins 
Albumins, globulins, nucleoproteins, albuminoids 
Lipids 
Extractives 
Nonnitrogenous: glycogen, glucose, inositol, hexosephosphates, lactates 
Nitrogenous: creatine, creatine-phosphate, creatinine, inosinic acid, adenylic acid, 
adenosine triphosphate, glutathione, purines, pyrimidines, carnosine, anserine, 
choline, acetylcholine 
Enzymes, hormones, vitamins 
Inorganic salts 


In the adult there is from 72 to 78 per cent of water, another example of 
the fact that water is essential for physiological activity. As in the case of 
nervous tissue, the water content of the muscle of the young and of the fetus 
is even higher. Here the similarity ends however. The solids of muscular 
tissue are largely protein in nature, whereas, it will be remembered, those of 
nervous tissue are largely lipids. The total lipids of muscle amount to only 
about 3 per cent and the glycogen is less than 1 per cent, but the protein content 
is about 19 or 20 per cent. 


Muscle Proteins.—Striated muscle is composed of fibers made up of 
innumerable fibrils arranged parallel to each other and parallel to the axis of 
the fiber. These fibrils are about 1 » in diameter and are separated from each 
other by about half that distance. The fibrils are believed to consist of two 
roteins, actin and myosin, which form a complex called actomyosin, while 
he sarcoplasm which surrounds them is a mixture of globulin-like and 
lbumin-like proteins. Around and among the muscle cells are found con- 
ective tissue fibers which ultimately become attached to the tendon. These 
onsist of collagen, elastin, and some vascular substance and comprise the 
xtracellular proteins, whereas the proteins of the fibrils and sarcoplasm are 
























intracellular. 

If fresh muscle is hashed and extracted with dilute KCl] at pH 7-8, a 
iscous fluid containing most of the intracellular proteins is obtained. From 
his the actomyosin ean be precipitated by dilution with water or by the ad- 
ition of certain salts. This protein is present in larger amounts than any of 
he others. The other intracellular proteins, that is, the proteins of the sarco- 
lasm, include another globulin, globulin X, which is second largest in amount, 
yogen, an albumin, and small amounts of a second albumin, myoalbumin. In 
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addition, muscle hemoglobin is present, and this gives a pink hue to some of the 
extracts. Musele hemoglobin has been isolated in erystalline form. Its molecu- 


lar weight, isoelectric point, and absorption bands all differ from those of | 


blood hemoglobin, although the iron content of both is the same. There may 
be still other proteins present. 

Actomyosin is the only protein of muscle with contractile power. Szent- 
Gyérgyi has presented evidence which indicates that this is a complex of two 
proteins, myosin and actin. When these are mixed they combine, and an in- 
crease in viseosity is seen. Actin has two forms, a globular and a fibrous 
form, while myosin occurs only in the fibrous condition. Together they form 
threads of actomyosin. Under the influence of K+ and Mg** ions, adenosine 
triphosphate (ATP), a high energy compound (see page 422), is adsorbed 
upon the protein. When this occurs, the viscosity is observed to decrease. 
An enzyme which decomposes ATP, adenosine triphosphatase (ATPase), seems 
to be very closely associated with actomyosin, or it may even be a part of 
this unique protein. The effect of the enzyme is to cause a small amount of 
energy to be released upon the protein, initiating the contraction of the actin 
fibers, changing them to globules, and thus causing the actomyosin to curl 
and become considerably shorter. Subsequently, more energy is released to 
induce relaxation. It is thought that this energy is stored until the deposition 
of the first small amount of energy acts as a trigger to set off the next con- 
traction. 

Muscle Lipids.—Besides variable amounts of fat, muscle is found to contain 
small amounts of cholesterol and larger quantities of phospholipid. Here there 
are definite differences among the three types of muscle (Bloor). Smooth 


muscle has the greatest amount of cholesterol, cardiac muscle next, and— 


striated muscle the least. The ratio of phospholipid to cholesterol is high 
for skeletal and cardiac muscle and low for smooth muscle. It is thought that 
these findings indicate that cholesterol has some relationship to the spon- 
taneous muscular activity of cardiac and smooth muscle and that phospholipids 


are somehow concerned in the greater energy production of cardiae and 
striated muscle. 


Extractives.—If muscle tissue is hashed and repeatedly extracted with hot 
water, one obtains a light tan fluid with droplets of fat floating on the 
surface and particles of coagulated protein suspended. When this is filtered 
and concentrated, a brown sticky material is left, which is commonly known as 
beef extract. This is composed of all the soluble inorganic salts and all of 
the extractives mentioned previously. The glycogen and some of the other 
compounds, of course, will have been hydrolyzed in the process. Aside from the 


small amounts of carbohydrate, amino acids, and peptides present, there is lit-_ 
7 P| 


tle food value in extract of beef. The idea that this has all the ‘‘streneth of 
the beef’’ is quite incorrect. As a basis for soups and flavoring for-othed 
foods it adds savor and may reflexly stimulate the flow of digestive juices 
Some of the constituents, such as inositol, may have specific virtues. but it 
must be emphasized that clear bouillon has very little nutritive value. | 
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Some of the individual extractives deserve mention at this point. One of 
them Is inositol, C,H,.0,, or better, C,H,(OH),. There are a number of isomers 
of inositol in nature. The most important one is mesoinositol: 





The other isomers differ from this in the arrangement of the OH’s and H’s in 
space. Although not a sugar, it has a sweet taste. This is a property com- 
mon to many polyatomic alcohols, including glycerol. It is widely distributed 
in the plant and animal kingdoms and is considered by some as part of 
the vitamin B complex. It is also possible that inositol is an intermediate be- 
tween carbohydrates and aromatic substances. This transformation has been 
accomplished biologically as well as chemically. Isotopic mesoinositol also has 
been converted into glucose by phlorizinized (that is, diabetic) rats, although 
by no means efficiently. (Stetten.) In sharks and certain other fish, inositol is 
stored up instead of glycogen. It is thus possible that this substance plays some 
role in carbohydrate metabolism, either as a substitute for glycogen or as 
an intermediate in the transformation of one monosaccharide into another. 
(Fischer. ) 

Salts of lactic acid are present because they result from carbohydrate 
breakdown in muscle metabolism. Creatine and creatine-phosphate are also 
involved in muscle metabolism. Their formulas as well as the structurally re- 
lated creatinine are: 


H I 
| J Ou | 
NH, N—P=O N 
vj ie SO Pe, 
C=NEH Ga NH C=NE C10, 
O = re 
‘n—on,—0€ N—CH,COOH N—CH, 
OH | | 
CH, CH, CH, 
Creatine Creatine-phosphate Creatinine 


Creatine is methylguanidine acetic acid and creatinine is its anhydride. 
Creatine-phosphate is a very unstable compound. In muscle contraction, creatine- 
phosphate plays a very important role, its great instability being partly 
responsible for the release of energy in a complicated series of reactions 
(Chapter 16). In human striated muscle there is about 350 to 400 mg. of 
ereatine per 100 Gm., but only about one-fifth as much in nonstriated muscle. 
Extremely little creatinine is present—only about 5 to 10 mg. in striated and 
even less in nonstriated. 

Another constituent which, as we shall see, is an important cog in the 
machinery of muscle contraction is adenosine triphosphate. When this com- 
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pound loses two of its phosphoric acid groups, with the release v, energy, 
adenylie acid results. This is a nucleotide, a substance composed of a pus 
(or pyrimidine or other nitrogenous base), a sugar, and one molecule of phos- 
phorie acid. Inosinic acid is another nucleotide present. The purines and 
pyrimidines found in extractives are probably decomposition products of 
nucleotides. The chemistry and significance of these products will be dis- 
cussed in subsequent chapters. 

At least three peptides have been isolated from muscle extracts. Carnosine 
is B-alanyl-histidine, and anserine is B-alanyl-methyl-histidine. The presence 
of a B-amino acid is rather extraordinary since the usual amino acids 
resulting from protein breakdown have the amino group in the alpha position. 
Carnosine has a stimulating action upon both the motor and secretory activities 
of the intestines and thus its presence in beef extract may be of some value. 
The third peptide present in muscle extractives is glutathione, a tripeptide, with 
the composition glutamyl-cysteinyl-glycine. This compound is a hydrogen ac- 
ceptor and as such must have some part in tissue reactions. Just what that role 
is cannot be said with certainty as yet. It is found in many tissues other than 
muscle, especially liver, red blood cells, brain, and kidney. It is also present 
in the lens of the eye, and is reduced in amount when cataract occurs. The 
other extractives have been considered in other chapters. 


Enzymes.—The life processes of the cell are dependent upon the function- 
ing of many enzymes. These may be extracted, purified, and studied by the ~ 
usual biochemical methods. However, some of them may also be demonstrated 
within the cell (see Fig. 83). Those enzymes demonstrable by histochemical 
methods include alkaline and acid phosphatase, peroxidase, tyrosinase, and 
dopaoxidase. Classification, action, and importance of enzymes are treated in 
later chapters, particularly Chapter 9. 


Vitamins.—Vitamins also have been detected in tissue cells by histo- 
chemical procedures, and they too are considered more fully in later chapters. 
Vitamin A is characterized by a fading green fluorescence in ultraviolet light. 
It can be demonstrated in the retina, in certain human tumors, and in human 
skin and is present in the ovaries in variable amounts, the variations being re- 
lated to cyclic changes. Niacin and riboflavin also fluoresce and thus lend them- 
selves to similar study. Ascorbic acid is detected by observing its reducing 
action upon silver nitrate. It has been shown that ascorbic acid is localized 
in the Golgi material of cells. (Barnett and Bourne. ) 
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Chapter 7 
MILK 


Milk is a fluid secreted by the mammary gland for use as food for the young 
mammal. Consequently we must consider milk from two standpoints: first, as 
a secretion, and second, as a food. 

Secretion of Milk.—Milk is secreted by the alveoli of the mammary gland. These are 
not present in either sex in early childhood. In the female, at puberty, proliferation of the 
tubules and development of the alveoli occur, and the gland, of course, increases in size. 
These changes occur as the result of the liberation of ovarian and other hormones. The 
actual secretion of milk does not occur until the end of pregnancy. The initiation of lacta- 
tion may be a result of a sudden removal of the placenta and of other factors. The chief 
hormone involved is prolactin, a pituitary factor. There is probably also an adrenal hormone 
involved. Nervous stimulation induced by suckling is believed to cause the secretion of 
the hormones which have their continuing effect upon the mammary gland. For further dis- 
cussion see Chapter 23. 


GENERAL COMPOSITION OF MILK AND FACTORS MODIFYING IT 


In addition to being used as the food of the very young, man has adopted 
milk, cow’s milk particularly, as a nutrient for all ages. It is the most complete 
food found in nature and for a long period it is the only food of the young 
mammal. The first secretion of the mammary gland post partum differs a great 
deal from true milk. It is called colostrum. It is a yellowish, alkaline, and 
slightly viscid fluid. It has a higher content of total solids, the components of 
which are not the same as those of milk. Colostrum will coagulate on heating 
whereas milk will not. The lipids present in colostrum have a higher content 
of cholesterol and lecithins, and the fat has a higher iodine number. It seems 
to have a laxative action and thus may aid in bringing about evacuation of the 
meconium. The amount of colostrum secreted by the human being is rather 
small, about 150 to 300 ml. in twenty-four hours. About the third or fourth 
day true milk begins to be secreted and the colostrum qualities diminish steadily. 
For one or two weeks, however, human milk continues to retain some of the 
characteristics of colostrum. This is reflected in the changing composition of 
milk which is diseussed under Period of Lactation. 


Milk is an emulsion of lipids in a solution of proteins, lactose, and inorganic 
salts. There are also present some organic acids or their salts, vitamins, enzymes, 
and some undetermined constituents, including antibodies and a substanee, 
called “‘lactenin,’’? which has antibacterial properties against certain strepto- 
cocci. It is not at all a fluid of constant composition, a number of factors 
tending to vary it. Some of these factors are: species of the secreting mam- 
mal, individual variations within the species, age, period of lactation, diet, 
physical and mental condition, time of day, and fraction of single nursing. | 
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Species 

It is well known that different animals have milk of different composition. 
In Table XVI is given a comparison of the milk of a variety of mammals, and 
in Table XV it is shown how, in a general way, the proportion of protein and 
salts parallels the rate of growth. Animals which grow faster have food contain- 
ing more protein, for soft tissue building, and more inorganic salts, for bone 
building. Moreover, within a given species there are differences; for ex- 
ample, in the composition of milk of various breeds of cattle. Holsteins pro- 
duce a milk with a lower fat content than that of Jerseys and Guernseys. 


TABLE XV 
PROTEIN AND ASH CONTENT OF MILK Or DIFFERENT SPECIES AS RELATED TO RATE OF 
GROWTH* 
TIME IN WHICH 
THE BODY WEIGHT PROTEIN PHOSPHORIC 
SPECIES OF THE NEWBORN (PER Re ees Sate? sete ACID 
ANIMALIS DOUBLED CENT) ( ) ( ) (PER CENT) 
(DAYS) 
Man 180 1.4 0.2 0.0328 0.0473 
Horse 60 2.0 0.4 0.124 0.131 
Cow 47 3.4 0.7 0.160 0.197 
Goat 19 3.3 0.8 0.210 0.322 
Pig 18 oi ox: 0.2508 0.537§ 
Sheep 10 5.5 0.9 0.272 0.412 
Dog 8 (eal 35! 0.453 0.493 
Cat if 9.5 Net es) ais * 


*Data chiefly from Bunge, G.: Text-Book of Physiological and Pathological Chemistry, 
é€1. 2. (English), Philadelphia, Pa., 1902, P. Blakiston’s Son & Co. 


7Data from Sheffy, B. E., et al.: J. Nutrition 48: 103, 1952. 
§Data from Braude, R., et al.: Brit. J. Nutrition 1: 64, 1947. 


TABLE XVI 
AVERAGE COMPOSITION oF MILK OF DIFFERENT SPECIES* 


Teese sss EEE 





SPECIES ee Cen 37) fd ere os ghee De oi 
(PER CENT) (PER CENT) (PER CENT) (PERCENT) (PER CENT) (CALORIES) 

Human 87.4 1.4 4.0 7.0 0.2 316 

Cow 87.1 3.4 3.9 4.9 0.7 310 

Goat 87.0 3.3 4,2 4.8 0.7 318 

Sheep 82.6 5.5 6.5 4.5 0.9 447 

Reindeer 63.7 10.3 19.7 4.8 1.5 1,078 

Buffalo 82.2 7.5 4.8 0.8 

Indian 

Zebra ; 86.1 3.0 4.8 5.3 0.7 

Camel 87.1 2.9 5.4 0.7 

Mare 90.6 iI 5.9 0.4 

Ass 90.1 1.4 6.2 0.5 

Pigt 80.1 5.8 8.2 4.8 0.9 ae 


*Data, in part, from Farmer’s Bulletins Nos. 363, 1909, and 1705, 1933. 
+Data from Braude, R., et al.: Brit. J. Nutrition 1: 64, 1947. 


It will be noted that goat’s milk has about the same composition as cow ’s 
milk. The proportion of lactalbumin is slightly higher and the amounts of 
thiamine and riboflavin are stated to be higher also than the corresponding values 
for cow’s milk. The curd ‘‘tension,’’ i.e., toughness, is lower; this fact and 
also the somewhat greater resemblance to the distribution of proteins in human 
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milk has led to many claims of superiority of goat’s milk over cow’s milk for 
infant feeding. However, almost the only indication for its use is for babies 
who are allergic to the proteins of cow’s milk. 


Individual Variations, Age 


There is some individual variation in the milk of cows of the same breed 
and of the same cow from day to day. Consequently, the mixed milk from a 
herd is bound to be more uniform in composition than the milk of a single cow. 
Furthermore, the effect of any deleterious change in composition of the milk 
of a single cow, as a result of any factor whatever, is minimized by dilution with 
the milk of many others. This is one reason why the milk distributed by large 
dairies is so uniform in composition. . 

The same individual variations occur among human beings. Some mothers 
produce milk of poor quality or small volume, although most women are quite 
capable of nursing their babies adequately. The total volume secreted depends 
upon the demands of the infant and the secretory capacity of the mammary 
glands. In some instances, wet nurses have been found to secrete more than a 
gallon of milk a day. Young mothers, as a rule, secrete more milk than older 
ones; this does not appear to be related to the fact that there are more primip- 
aras (first births) among the young mothers, but is probably because of youth- 
ful health and vigor. Milk secretion is under hormonal control. Undoubtedly 
this accounts for some of the normal variations, particularly that variation due 
to age. Pronounced effects upon lactation are observed in certain types of 
endocrine dysfunction. For example, milk secretion may persist for an excep- 
tionally long period after childbirth in cases of acromegaly. 


Period of Lactation 


Since the early secretion, colostrum, has quite a different composition 
from true milk, and since it is claimed that milk retains some of the charac- 
teristics of colostrum for one or two weeks, it would be expected that analyses 
of milk during the first two weeks would be variable. In fact, human milk con- 
tinues to change for at least eight weeks. In Table XVIT are given the results 
of an investigation of this subject; the same results compared with the average 
change in the weights of the infants are shown in Fig. 17. After the third 


TABLE XVII 


COMPOSITION or HUMAN MILK at DIFFERENT PERIODS* 


Sig Se FROUME S uroe 








FAT 
; No.or| MINI- MAXI-  AVER- | MINI- MAXI-. AVER- MINI- MAXI- ER- 
TIME Gannd | oom MUM AGE MUM MUM AGE MUM MUM er 
(PER (PER (PER (PER (PER (PER (PER (PER (PER 
CENT) CENT) CENT) | CENT) CENT) CENT) | CENT) CENT) CENT) 
: cays 88 1.45, 2.83 2.00 4.62 Got 6.42 0.9 8.2 3.2 
a ek oe ye ee res sae 7.65 6.73 1.6 7.1 3.7 
Gade yaa 617 7.89 7.11 
ae wKe 82 | 098 eT USD a7 ea a 13 76 = 
8 wk, 14 * | 71.04 1.40) Beant eyes ian ree 70 40 





*From Bell, M.: J. Biol. Chem. 80: 239, 1928. 
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week, the lactose content remains constant and a little later the fat also levels off. 
The very first cglostrum secreted is extremely high in protein, diminishing 
considerably during the next few days, and the amount of essential amino 
acids available is correspondingly high. (Miller and others.) Apparently the 
infant’s need for high protein is most acute during the first two weeks of 
growth. Later it requires a higher percentage of the energy-forming foods— 
fats and carbohydrates. 
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Weeks Post Partum. 
Fig. 17.—Average composition of human milk at different periods compared with the 


average weight curve of the infants. The different constituents are plotted on different base 
lines but the scale is the same in all cases. (From Bell, M.: J. Biol. Chem. 80: 239, 1928.) 


Diet 

The diet of the mother, or other lactating animal, has some influence upon 
the amount and quality of the milk but not as much as one would expect. 
Feeding more liberally than the accepted standards results in slight changes in 
yolume and composition. During the early days of lactation, a higher ecarbohy- 
drate diet tends to increase the volume somewhat and also the lactose. High 
protein also increases the volume secreted, while a high fat diet forces the fat 
up and the volume down. However, these changes are not of great significance. 
The vitamin content may be improved by feeding larger amounts; this is par- 
ticularly true in the case of vitamin D. A poor nutritive condition of the mother 
influences the quantity of the milk secreted. Courtney has shown that inade- 
quate diets result in fluctuations of the inorganic constituents, calcium and 
magnesium being decreased usually, while potassium, sodium, chlorine, and 
phosphorus are irregularly influenced. In other respects, however, no marked 


changes have been noted. 
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Physical and Mental Conditions, ete. 


It is self-evident that a poor state of health will be reflected in an inade- 
quate milk secretion. Hither the quality or the quantity may suffer. If the 
mother is in good health, her milk will usually ‘‘agree with’’ the baby. This 
does not mean that the milk is necessarily adequate nutritionally. The most 
usual difficulties are too low or too high fat content, insufficient vitamins in the 
mother’s diet and, consequently, in her milk, and a sensitivity to certain proteins 
in the milk which are traceable to the mother’s diet. : 

The amount of milk secreted is diminished by excessive physical work, and 
emotional disturbances have a similar effect; e.g., excitement, worry, and fear. 
There is a greater volume secreted at night than during the day. The most 
characteristic analytical figures are said to be obtained at 9 or 10 a.m. 


Fractions of a Single Nursing 


During a single nursing the mammary gland begins by secreting milk 
richer in proteins and poorer in fats. As secretion continues, the protein con- 
tent diminishes and fat increases so that the last fraction has a composition 
just the opposite to the first. Consequently, if the physician wishes to get 
an accurate quantitative idea of the composition of a mother’s milk, the entire 
contents of one breast should be obtained. If this is not practicable 1 ounce 
should be obtained before and 1 ounce after nursing and the two should be 
mixed. 


Human milk may be obtained by simple manual expression, which is said to be more ef: 
ficient than the use of breast pumps. (Davies.) Breast pumps vary from the simple funnel: 
shaped glass tube with an enlargement to hold the milk, and a rubber bulb at the smaller end 
to produce suction, to quite complicated machines. A water-power breast pump is also 
available. The electric pump is frequently used in hospitals. It gives rhythmic suction 
and, since compression of the breast occurs at the same time as suction, is very effective. ° 


COMPOSITION OF HUMAN AND COW’S MILK 


In Table XVHI is shown a comparison of the composition of human and 
cow’s milk given in two ways: first, the range of values ordinarily found, 
and second, in ‘‘round numbers,’ which represent the usual approximate values. 
The outstanding differences are a greater concentration of lactose in human 


TABLE XVIII 


COMPARISON OF HUMAN AND Cow’s MILK 


EE cree, 


TOTAL PROTEIN LACTOSE FAT ASH 
(PER CENT) (PER CENT) (PER CENT) (PER CENT) 

Human milk ‘ 

Range 1.0-2.8 4.6-8.3 - = 

Round numbers 14 7.0 ee sere 
Cow’s milk 

Range 2.1-6.4 val-G, 1 - 

Round numbers 4.0 0 aA a Pate 

: . 


ap 7 a ae RRS oe aa As ; 

1an 2 cow : vate with lower concentrations of total protein and ash. The 
vercentage of fat is : the ss i ar ilk ’s mi 
1 g t 1s about the same in cow’s and human milk, but eow’s milk 
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is generally brought to a constant composition of about 3.9 per cent at the 
dairy where the milk is pooled and analyzed. The legal requirement is usually 
3.25 per cent. 

Besides these variations in general composition several special points should 
be noted. The distribution of the three milk proteins is quite different. In cow’s 
milk the casein is greater in amount than the albumin-globulin fraction, while 
in human milk the albumin-globulin fraction is slightly greater. The inorganic 
constituents are about the same qualitatively but not quantitatively. Although 
human milk contains slightly more iron than cow’s milk, this is not sufficient for 
the baby’s day-to-day needs. Nature has provided for this by having the infant 
come into the world with a store of iron—enough to last until the infant can 
obtain iron in foods other than milk. The Ca and P are sufficient to provide 
for bone growth and tissue requirements, but they are not present in excessive 
amounts. 

Breast feeding may be of advantage from another standpoint; i.e., be- 
cause of the passive transfer of immune bodies from the mother into the milk. 
It has also been claimed that human milk contains an antipoliomyelitis sub- 
stance. 

Physical Characteristics and Reaction 


Milk is a white to yellowish white fluid having a specifie gravity varying 
from 1.026 to 1.036 (cow’s and human). Since the specific gravity of fat is 
less than 1.000, a high fat (cream) content will tend to lower the specific 
gravity. ‘‘Watering,’’ or diluting milk with water, will, of course, have the 
same effect. Consequently, the determination of the specific gravity will aid 
very little in estimating the composition of milk. The reaction is usually faintly 
acid, with a pH of 6.6 to 6.9. The color is partly due to the calcium salt of 
easein, which is bluish-white in solution, and partly to the emulsified fat. The 
yellowish color often observed is derived from pigments in the food which dis- 
solve in the fat. According to Palmer and Eckles, these are carotene and 
xanthophyll, chiefly the former. They cannot be synthesized and if absent from 
the diet, similar pigments present in the body fat may be drawn upon. By 
changing feed, all degrees of color may be observed in butterfat, from almost 
colorless to a very deep yellow. The color of whey is probably due to the 
presence of lactoflavin, identical with riboflavin. 





















Lactose 


Lactose apparently occurs only in milk. Moreover, galactose is not found 
free in nature but is found in combination. However, not enough galactosans or 
other galactose-containing substances are ingested by the lactating mother to 
furnish the requisite amount of galactose to form lactose. Therefore, it seems 
certain that lactose is formed from glucose by the mammary gland. This means 
that one molecule of glucose must be converted to one of galactose and joined 
to another of glucose. Just how this is accomplished is not known. Further- 
more, since the amount of glucose in the blood is insufficient to account for 
all the lactose, the suggestion has been made that it arises, in Part, by 
yluconeogenesis from amino acids in the mammary gland. (See page 37. ) 
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If milk is permitted to stand long enough at ordinary temperatures it 
sours. This is called lactic ‘‘fermentation,’’ but since it is not always accom- 
panied by evolution of a gas, the more accurate term would be ‘lactic acid pro- 
duction.’’ It is brought about by certain bacteria and the reaction may result in 
(1) about 50 per cent production of lactic acid or (2) about 100 per cent, de- 
pending upon the type of organism present. The reactions would be, perhaps, as 


follows: 
C,.H.»O, + H,O — O©,Hi0, + O,H:.0, 


Lactose Galactose Glucose 
(1) 20,H,0, + H,O — 2CH,-CHOH:COOH + CH,COOH + C,H,OH + 2CO, + 2H, 
Lactic acid Acetic Ethyl 
acid alcohol 


(2) C,.H,O, — 2CH,-CHOH:COOH 
Lactic acid 


Although lactose is the natural milk sugar, and peculiar to milk, the 
question arises, does it have special advantages in infant nutrition? Brody 
and Sadhu feel that the spatial configuration of lactose, and especially of its 
constituent galactose, gives it ‘‘unique nutritional properties.’’ The sugar 
level in milk tends to vary directly with the weight of the adult brain. Man 
has the largest brain, in proportion to the body weight, of all animals, and 
human milk has the highest percentage of milk sugar. This may be related 
to the glycolipids of brain, which, it will be remembered, usually contain 
galactose. Moreover, glucose is the only fuel normally used by the brain 
in its activities, and it is conceivable that during brain formation the more 
stable galactose being less likely to be oxidized is more suitable as a building 
material. Infants may be less able to synthesize galactose than adults, hence 
its presence in their food may be highly desirable from this standpoint. How- 
ever, physicians seldom write formulas containing lactose. If there is a pe- 
culiar need for lactose, there seems to be enough present in the milk which 
is invariably a large part of the formula. 


Proteins 


The proteins of milk are casein, lactalbumin, and lactoglobulin. . These 
proteins, particularly casein, are peculiar to milk. They are manufactured 
by the mammary glands from the amino acids present in the blood. This has 
been proved by the intravenous injection of valine, lysine, and glycine, labeled 
with C', into lactating rabbits, and finding the labeled carbon in the milk 
proteins. (Campbell and Work.) The loss of protein during lactation has no 
deleterious effect upon the mother’s blood proteins which are maintained at 
normal levels. Of course, the lactating woman must have a plentiful sup- 
ply of proteins of good quality in her diet in order to provide the amino acids 
necessary to build these proteins. | 

Casein is a phosphoprotein. It is insoluble at its isoelectric point, pH 4.6, 


but since the pH of milk is nearly 7.0, it is undoubtedly present as a salt, caleium 
easeinate. On acidification casein precipitates. 


Ca-casein + 2HCl = Casein + CaCl, 
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In the souring of milk the same reaction occurs. Rennin precipitates casein 
also, and, as stated previously, pepsin and other proteolytie enzymes will do the 
Same. In these cases, it must be remembered, the process is a digestion and may 
occur at a pH other than 4.6. An early digestion product of casein, paracasein, 
combines with the calcium present to form an insoluble salt, caleium p-caseinate. 
This can be demonstrated by adding some oxalate to milk and obtaining by 
filtration the decalcified milk. Rennin, if added to this decalcified milk, will 
not clot it, whereas it will clot the untreated milk in a few minutes, but subse- 
quent addition of a soluble calcium salt, in excess, will bring down a clot. 
Clotted milk, or junket, is frequently used in the American dietary. 


According to Linderstrém-Lang, casein is not a single protein but is a group of three 
proteins. One of these acts as a protective colloid for the other two which would otherwise 
precipitate out. An attack by a proteolytic enzyme on this protective colloidal protein 
renders it incapable of protecting the other two, and if calcium ions are present, and pH and 
temperature favorable, they precipitate then as calcium-p-caseinate. 


Lactalbumin and lactoglobulin are typical albumin and globulin, respec- 
tively. The relative proportions of the three proteins vary among different 
species. As mentioned, this variation is quite marked in the case of cow’s and 
human milk. Lactalbumin and lactoglobulin are both coagulable proteins and 
will coagulate when isolated from milk by suitable separation methods. As 
present in milk, they do not coagulate on heating because the pH is not favor- 
able, but they are undoubtedly denatured by heat. 


All three proteins are excellent biologically, containing a wide assortment 
of amino acids. The combined milk proteins yield all the known amino acids, 
essential and unessential. Table XIX indicates the content of the essential 
amino acids in the proteins of cow’s milk, as well as the amount present in 
one quart. When compared with the recommended daily intake of these amino 
acids, it is seen that a quart of milk will provide a large proportion of the 
adult’s daily requirement of essential amino acids. From a consideration of 
the amino acid content alone, human milk proteins are not nutritionally 
superior to the proteins of cow’s milk. (Block and Bolling.) The difference 












TABLE XIX 


ESSENTIAL AMINO ACIDS IN Cow’s MILK 








RECOMMENDED One Quart of Milk Contains 








PER CENT IN DAILY INTAKE PER CENT OF 
MILK FOR MANt RECOMMENDED 
AMINO ACID PROTEINS* GM. GM. DAILY INTAKE 
100 
L-Tryptophan 1.6 0.5 0.5 
L-Phenylalanine 5.7 2.2 1.9 86 
L-Lysine 7.5 1.6 2.6 163 
L-Threonine 4.6 1.0 1.6 160 
L-Valine 5.0 1.6 itty rae 
L-Methionine 4.0t 2.2 1.4} A 
L-Leucine 15.0 2.2 _. it 
L-Isoleucine 4.4 ak : 





*Based on Block, R. J., and Bolling, D.: Nutritional Opportunities With Amino Acids, 


. Am, Dietet. A. 20: 69, 1944. 
+Rose, W. C.: Amino Acid Requirements of Man, Fed. Proc. 8: 546, 1949. 


tMethionine and cystine. 
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in the proportion of albumin to casein explains why cow’s milk forms heavy 
tough curds and human milk soft fine curds. Such soft fine curds are much 


more easily and rapidly digested. 


Very small amounts of free amino acids are also present in milk. These represent about 
4 and 6 mg. of nonprotein nitrogen per 100 ml. of cow’s and human milk, respectively. In 
this connection, it is interesting to note that the objectionable flavor which milk acquires on 
exposure to sunlight for periods of a half hour or more has been found to be due to photolysis 
of methionine, aided by the vitamin riboflavin. (Patton and Josephson. ) 


Lipids 

The fat of milk is in the form of very small globules. There is no appre- 
ciable difference in the size of the fat particles in human as compared with cow’s 
milk, although there may be slight variation in the fat globules obtained from 
different individuals. Most of milk fat of cow’s milk consists of the triglycerides 
of palmitic, oleic, stearic, myristic, and other higher fatty acids, but a small 
amount, about 10 per cent, is composed of the triglycerides of butyric, caproie, 
eaprylic, and other fatty acids with short carbon chains. The latter include 
several volatile fatty acids; in this respect, milk fat differs from other fats formed 
in the body. Small amounts of cholesterol, phospholipids, and free fatty acids 
are present. Human milk fat differs from bovine in that few or none of the fatty 
acids present have chains shorter than ten carbons. Oleic acid occurs in largest 
amount, palmitic next, lauric, myristic; stearic, octadecadienoic in smaller 
amounts, and still smaller quantities of a considerable number of long-chain 
acids. The fat of human milk resembles human body fat much more than it does 
typical milk fat of other species. (Brown and Orians.) Milk fat probably 
is derived from glycerol and the fatty acids of the blood, although the phospho- 


lipids and the cholesterol esters have been considered their precursors by various 
authorities until recently. 


Since the fat globules are lighter than water, they rise to the top to form 
cream. Commercially, the fat of milk is its most valuable constituent, marketed 
as cream and butter and entering into the composition of cheese. The per- 
centage of fat in milk often determines the price of milk to the farmer. It is 
also an index of the nutritional value of mother’s milk. Consequently the 
analysis of milk for fat is of considerable importance to farmers and dairymen, 
as well as to food and health authorities, and, of course, to the physician. There 
are many methods of accomplishing this, but the quickest, easiest, and almost 
universally adopted method is the Babcock procedure. This can be used not 


only for cow’s milk, but, with modifications, also for human milk, eream, skim 
milk, ice cream, ete. 


Babcock Method.—In the Babcock method, measured amounts of milk anu concentrated 
sulfuric acid are mixed in a special flask which has a narrow graduated neck. The proportion — 
of concentrated sulfuric used is sufficient to cause solution of the proteins, which of first 
precipitate, and to remove the protective layer around the droplets of peal material. The 
fats and other lipids are not destroyed or dissolved in the acid but are kept li uid b th heat 
generated and maintained by adding hot water. The flasks are whirled in sheers FS = 
the liquid layer of fat rises in the narrow neck. Since the graduations are in per a ee 
fat, the result is found by reading the lowest point of the fat column ie Schitinciies al 
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figure from the highest point at the top of the fat column. The centrifuge flasks vary with tHe 
type of dairy material to be analyzed; viz., cream, skim milk, ete. For human milk a 
centrifuge tube with a narrow graduated neck is employed because of the limited volume usu- 
ally available, and slight modifications in technique are used. 


The amount of cholesterol in cow’s milk is approximately 11 mg. per 100 
ml., all of which is free cholesterol. (Nataf and others.) The cholesterol con- 
tent of the milk does not seem to bear any relationship to the level of this lipid 
in the cow’s blood serum. 


Ash 


The inorganic salts of milk include chiefly calcium, potassium, and 
sodium salts of hydrochloric and phosphoric acids. Potassium is present in 
larger amounts than sodium. Other elements present in milk include magnesium, 
sulfur, iron, copper, iodine, and zine (see Table XX). Although some elements 
are present only in traces, it must not be assumed that they are of no value. 
Only minute amounts of copper, for instance, are needed in hemoglobin forma- 
tion. Iron, it is true, is present in too small an amount in milk to warrant the 
exclusive use of this food in later childhood. Iron-containing foods should 
supplement the diet. Milk is, however, the most practical source of calcium 
and a very good source of phosphorus. Both of these are needed by all cells, 
but particularly for bone and tooth structure. 


TABLE XX 


COMPOSITION OF ASH OF MATURE HUMAN AND Cow’s MILK* 




















HUMAN MILK cOW’S MILK 
(MG. PER 100 ML.) (MG. PER 100 ML.) 

Total ash 210 710 
Caleium 34 126 
Chlorine 43 100 
Magnesium 4 13 
Phosphorus 16 99 
Potassium 55 138 
Sodium 15 58 
Sulfur 14 30 
Bromine 0.91 0.02 
Copper 0.04 0.03 
Todine 0.01t 0.02 
Tron 0.21 0.13 
Rubidium 1 Trace 
Zine 0.66 0.35 


Aluminum, Barium, Boron, Chro- 
mium, Lead, Lithium, Man- 
ganese, Molybdenum, Silver, 
Strontium, Titanium, Vanadium Traces Traces 
*Data from The Composition of Milks, Bull. Nat. Research Council, No. 119, 1950; com- 
iled by Macie, I. G., Kelley, H., and Sloan, R 
7Skimmed milk. 









Vitamins 


Milk contains most of the vitamins in greater or smaller amounts. It is 
uite deficient in vitamins C and D and rather low in the B vitamins, except 
iboflavin. Apparently mother’s milk cannot be enhanced with vitamin D to 
ny significant degree by feeding fish liver oils containing large amounts of the 
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TABLE XXI 


Vs * 
VITAMIN CoNTENTS OF FRESH MATURE HUMAN AND Cow’s MILK 








VITAMIN 





(CONCENTRATION PER 100 ML.) HUMAN MILK coOW’S MILK 
Vitamin A, ug 45 ae 
Carotenoids, ug 2 
Vitamin D, U. 8. P. units 0.4 to 104 0.5 to 4t 
Vitamin E, mg. ; . 

chee 0 bana 0.10-0.48}| 
Vitamin K, Dam-Glavind units 26 100 
Ascorbic acid, mg. 4.4 ‘ee 
Biotin, ug a rs ‘ 
Choline, mg. 
Folic pia ie 0.01-0.22 0.02-0.4§ 
Inositol, total, mg. 39 13 
Nicotinic acid, ng 172 85 
Pantothenie acid, ug 203 350 
Pyridoxine, wg 11 48 
Riboflavin, total, ug 46.9 158¢ 
Thiamine, total, ug 15 42 
Vitamin By, wg 0.01-0.16§ 0.32-1.24$ 








*Data, except where otherwise noted, from The Composition of Milks, Bull. Nat. Re- 
search Council, No. 119, 1950; compiled by Macy, I. G., Kelley, H., and Sloan, R. 


ee cy from Lawrence, J. M., Herrington, B. L., and Maynard, L. A.: Am. J. Dis. Child. 
720%) 194.8945. 


tVery large losses of ascorbic acid and riboflavin may occur _during the processing and 
delivery of cow’s milk. Small losses of thiamine may also occur. The other vitamins, in most 
cases, are known to be stable. 


§Data from Collins, R. A., et al.: J. Nutrition 43: 313, 19651. 
Harris P. L., Quaife, M. L., and O’Grady, P.: J. Nutrition 46: 459, 1952. 


vitamin during pregnancy. In order to enrich the milk with vitamin D, this 
factor must be taken just prior to or during lactation. (Polskin.) Macy 
and co-workers have shown that the content of vitamins A and C also 
can be increased in human milk if the lactating woman is fed large amounts 
of these vitamins in a multiple vitamin supplement. Milk is an excellent 
source of vitamin A, riboflavin, and pantothenic acid. Babies usually are given 
orange juice or tomato juice to furnish additional C, or ascorbic acid itself, and 
there are various methods of increasing their vitamin D intake. Pregnant and — 
lactating women on high milk diets also require additional vitamins C and D~ 
as well as the B complex. Table XXI gives a comparison of the vitamin 
contents of human and cow’s milk. Since the amounts of the different vitamins 
vary with diet, exposure to sunlight, and other factors, these figures are to be 
considered as typical rather than absolute values. It will be noted that in several 


instances there are marked differences, with the human milk usually, but not 
always, the richer of the two. 


Enzymes.—A catalase, a peroxidase, and a phosphatase are present in 


milk, It is doubtful whether these have any significance, but the presence of 


an active enzyme is evidence that the milk has not been pasteurized or 
sterilized. 


Sterilization and Pasteurization.—It is practically impossible to obtain 
sterile milk from the mammary gland of a cow or of a woman unless the first 
portion obtained, which washes out the organisms present in the ducts of the 
nipple, is discarded and bacteriological technique is employed. Modern dairy 
practice, with extreme emphasis on cleanliness and the use of sterile containers, 
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has reduced the bacterial count greatly. Nevertheless, public health authorities 
do not recommend raw milk for human consumption. Milk is seldom sterilized 
for ordinary sale and use but is commonly rendered safe by pasteurization. In 
pasteurization the milk is heated to 60 to 63° C. and is held at that temperature 
for thirty minutes or is kept at 72° C. for fifteen seconds. It is then cooled 
rapidly and kept cold until delivered. Pasteurized milk is free from pathogenic 
bacteria, although it usually contains other germs. The pathogenic organisms 
which cause tuberculosis, undulant fever, diphtheria, the streptococcal diseases, 
Septic sore throat, and scarlet fever, typhoid fever, dysentery, and others are 
destroyed by this treatment. Pasteurization, of course, is not an insurance 
against subsequent contamination. In order to prevent bacteria from multiply- 
ing, all milk should be kept at 10° C. or below. In pasteurization some precipita- 
tion of calcium phosphate occurs and about 10 per cent of vitamin B, and 30 
per cent of vitamin C are destroyed. Boiling raw milk from one to three minutes 
is somewhat more effective than pasteurization in so far as the bacteria are con- 
cerned. It has the same effect upon the vitamins and produces a film which con- 
tains a small amount of the nutritive elements (see next paragraph). The flavor 
of boiled milk is different from pasteurized and is not relished by some people. 
Por infant feeding, boiled milk, even if previously pasteurized, or milk heated 
for twenty minutes in a double boiler is recommended by most pediatricians. 
True sterilization of milk usually requires heating to 100° C. on several suc- 
cessive days or a single application of heat at 120° C. for thirty minutes under 
fifteen pounds pressure. 

Film Formation.—When milk is heated to about 60° C. a film, or ‘‘skin,”’ 
forms on the surface. Upon removing the pellicle, cooling, and reheating, a 
second film forms. If the heating is done in a closed vessel, no such skin forms 
even at 100° C. The skin consists of protein, calcium phosphate, and some en- 
meshed fat globules. The mechanism of this phenomenon is rather compli- 
eated. At the air-liquid interface there occurs a concentration of the pro- 
teins, because the water evaporates faster than it can be replaced by diffusion. 
The proteins thus form a semisolid layer in which fat globules are enmeshed. 
This retards the diffusion of water still more. There then occurs an irre- 
versible precipitation of proteins, the casein micelles being destabilized, and 
the albumin and globulin being denatured or coagulated to some degree. If 
the boiled milk is to be used for infant feeding, the film may be removed and 
discarded. The loss in nutritive value is slight. 

Passage of Foreign Substances Into Milk.—It is well known that cow’s 
ilk aequires distinctive and often unpleasant flavors if the cow feeds on 
ome strong-tasting food, such as turnips, onions, garlic, or wild carrots. The 
olatile oil or other flavor of the food is absorbed and finally secreted by the 
ammary gland. The same is true of human milk and the possibility of in- 
estion of toxic substances by the infant via the mother’s milk should be men- 
ioned. Among the substances known to be secreted by the mammary gland 
fter they have been administered to the mother are opium, morphine, alcohol, 
arbiturates, ergot, cascara, thiouracil, salicylates, iodides, bromides, arsenic, 
ismuth, antimony, zine, lead, mercury, and iron. However, very few of these 
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have been found in high enough concentrations to be injurious to the infant. 
Barbiturates, iodides, and bromides are among these. Thiouracil is the only 
substance known to appear in milk at a higher level than in blood or urine. 
(Mautner.) Nicotine is not secreted by the mammary gland under moderate 
smoking conditions, and the amounts of aleohol and caffeine which may be 
secreted are of no importance. In cases of jaundice, neither bile pigments nor 
bile salts are found in the milk. 

Milk Products.—I'rom a commercial standpoint the fat of milk is its most 
valuable constituent. This is concentrated in cream and butter. If milk is al- 
lowed to stand, the cream rises and may be poured or skimmed off. Centrifuging 
is the commercial way of doing this. The fluid remaining is skim milk. From 
Table XXII it may be seen that skim milk has almost the same composition as" 


’ 


TABLE XXII 


COMPOSITION OF DaAtIRy PrRoDUCTS* 


CARBO- CAL- 
PROTEIN| FAT HY- | WATER | ORIES Cae eae IRON 
(PER (PER | DRATE | (PER (PER ¢ rPe ( cents (PER 
CENT) | CENT) | (PER | CENT) 100 ( or CENT) 
CENT) GM.) CENT) | CENT) 
Milk, whole fresh cow’s + 4 5 87 69 0.120 | 0.093 | 0.0002 
Milk, skim fresh 4 il! 5 91 36 0.122 | 0.096 | 0.0002 
Cream, 20 per cent 3 20 4 73 192 0.086 | 0.067 | 0.0002 
Cream, 40 per cent 2 35 3 59 337 0.086 | 0.067 | 0.0002 
Buttermilk, churned from 4 1 5 91 37 0.105 | 0.097 | 0.0003 
cream 
Buttermilk, cultured skim 4 | 9) 91 36 0.105 | 0.097 | 0.0003 
i ah sweet- 8 8 ahs) 27 327 0.300 | 0.235 | 0.0006 
ene 
arte Mel eke a un- 7 8 10 74 139 0.316 | 0.244 | 0.0007 
Milk, kumiss 3 2 6 90 265 
Milk, malted, dry 15 9 71 3 418 
ai powdered, skim 36 1 52 4 359 1.220 | 0.960 | 0.0030 
a iriphee whole ze 27 38 4 #96 0.900 0.696 | 0.0017 
Butter ile rail Pere Re ORY ig ee ee 
; < ; -017 | 0.0002 
Cee cottage, skim 19 1 4 74 101 0.124 | 0.177 | 0.0003 
Cheese, Swiss 29 Ca 9 3 
: 2 2 4 404 1.086 | 0.812 | 0.0013 
Ie é 3 : 
Eaeaar average com 3 15 18 219 0.08 0.06 | 0.002 


The figur i Res E : 
a pict in the first five columns are siven to the nearest whole number. 
ata from Hawley, E. E., and Carden, G.: The Art and Science of Nutrition, St. Louis, 


1941, The C..V. Mosby Co. 
whole milk except for a low fat content. In diets designed to reduce body 
a skim milk is useful in providing ealeium and good proteins, while at 
the same time limiting the caloric intake. It must be remembered, however 
. . = . 4 . . . . . , 

ae skim milk is deficient in vitamin A but contains the same amount of water- 
2 : ile ee as whole milk. Cream contains the same constituents as milk 
yut in different pr ti ‘dinari i i 

eas: ent proportions. Ordinarily, cream is sold in two grades: 20 per — 
cent Tat in thin cream and 40 per cent in thick or whipping cream. Butter is _ 


produced by churning or agitating milk or cream. Usually it is first soured by 


lactie acid bacteria in order to permit the fat globules to coalesce more easily. — 
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Since the vitamins A and D of milk are dissolved in the fat, it is evident that 
ream and butter are much better sources of these vitamins than is milk. 

The fluid left after milk is churned in butter-making is called buttermilk. 
It differs very little in food value from skim milk, but since it has been soured, 
the casein has been precipitated. Buttermilk is the most popular ‘‘fermented”’ 
milk used in this country, but frequently the buttermilk sold is really ‘‘eul- 
tured’’ buttermilk. This is made by treating raw or pasteurized milk (skim or 
Whole milk) with lactie acid bacteria cultures and then breaking up the curd 
nto fine particles. Such milk may have almost the same food value as whole 
nilk. Various other types of fermented milk are used here and abroad. Kefir, 
<umiss, and yoghurt are widely used in central Asia and Turkey, and acidophilus 
milk is marketed in this country. It is believed by some that these fermented- 
nilk products, containing as they do, tremendous numbers of lactie acid-produc- 
ing bacteria, tend to replace the intestinal bacteria with these lactic acid bacteria. 
This, it is assumed, is favorable to health. There is no doubt that the fine soft 
curd of these fermented milk products is more easily digested than the tough 
urd which usually forms when cow’s milk reaches the stomach, but whether 
hey promote the growth of a more favorable flora in the large intestine is still 
in open question. In infant feeding the fermented milks are sometimes used, 
pspecially in cases of pylorospasm. It is said that more rapid opening of the 
pylorus is promoted. 
When milk is clotted by rennin or acid, it becomes curds and whey. The 
whey, which is the fluid which may be pressed or squeezed out, carries with it 
n large proportion of the lactose, some of the albumin and globulin, and a part 
f the water-soluble vitamins and minerals. The solids, or curds, become 
ottage cheese. Cheese may be made from cream, whole milk, or skim milk. The 
arious types and flavors depend upon the type of milk, the method and degree 
f curing or ‘‘aging,’’ and the various organisms which bring about curing. 
ome particular varieties are prepared only in certain loealities where, it is as- 
erted, the required organisms thrive. Cheese is an excellent source of protein 
nd usually a good source of fat, caleium, and other minerals. 

Homogenization is the process of reducing the size of the fat globules of 
ilk by physical means. This is accomplished by forcing the milk through a 
ery small aperture under high pressure. The fat globules of homogenized 
ilk are approximately one-sixth of their original diameter. Such fat does not 
ise as cream when the milk stands. Having a greater surface area the fat of 
omogenized milk should be more rapidly digested by lipases. Furthermore, 
ith such an increased area of fat the amount of protein encasing the globules 
increased. This tends to make less protein available in solution when clotting 
ecurs and a softer curd is formed. Cream may also be homogenized. 

The large proportion of water in milk, over 85 per cent, has led to several 
ethods of concentration in order to have less bulk for transportation and at 
e same time to improve its keeping qualities. Evaporated milk is cow’s milk, 
hich has had about 60 per cent of the water removed, and is then homog- 
nized and sterilized in hermetically sealed cans. It contains no added sub- 
tance. Condensed milk is reduced to about the same concentration as evapo- 
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rated milk, but sugar is added which acts as a preservative. Evaporated milk 
is heated to a higher temperature than condensed milk to ensure preserva- 
tion. Dry milk contains no added substance. It may be prepared from 
whole, half skim, or skim milk. The two principal methods of drying are 
the roller process and the spray process. In the former, thin layers of milk 
pass over heated rollers in vacuo and the dried milk is scraped off the rollers. 
In the spray process the partially evaporated milk is sprayed into warm 
drying chambers. Some dried milk products are irradiated to increase their 
vitamin D value. The food values of the concentrated and dried milks are 
comparable with the milks from which they were obtained, the only loss 
being in the heat-labile vitamins. The flavors of these products vary somewhat 
but are agreeable to most people. The high sugar content of condensed milk 
must be remembered in advising its use in infant feeding. 

The small amount of vitamin D in milk produced by cows on ordinary 
rations and the fact that many physicians consider vitamin D best assimilated 
when consumed dispersed in milk have created a demand for vitamin D milk. 
This is pasteurized, pasteurized-homogenized, evaporated, or dried milk which 
has been enriched with vitamin D. To meet the requirements of acceptance 
by the Council on Foods and Nutrition of the American Medical Association, 
vitamin D milk must contain not more than 400 U.S.P. units of vitamin D per 
quart. Vitamin D milks may be produced by (1) mixing into the milk a 
purified concentrate of natural vitamin D or a pure crystalline vitamin D, or 
D2, (2) irradiating the milk, or (3) feeding irradiated material (usually yeast) 
to the cow. The latter two methods are rapidly disappearing from com- 
mercial practice. The first method makes possible a milk with a vitamin D 
content of 400 U.S.P. units per quart. The vitamin D content of milk may 
be increased by adding two activated sterols: 7-dehydrocholesterol, found in 
animal fats, or ergosterol found in plants. The 7-dehydrocholesterol is 
changed to vitamin D, when irradiated, the ergosterol is changed to vitamin 
D,. Many pediatricians, though not all, prefer vitamin D, to vitamin D3 
perhaps because caleiferol (D2), in large doses, has been found to be slightly 
more toxic in animal experiments. 


Nutritive Importance of Milk 


Although the nutritive importance of milk has been stressed frequently 
in this chapter, a few additional points may be taken up. Milk is the ideal food 
for the infant, an excellent one for the growing child, and a very good food for 
the adult. Its proteins are among the best biologically, its carbohydrate and 
fat easily digested and assimilated. It also contains 0.1-0.2 per cent citrate, the 
significance of which is not known. Regarding minerals, it is a dependabli 
source of calcium and phosphorus. Vitaming A and B, are present in large 
amounts and other vitamins to a lesser extent. Nutritionists generally agree 
that growing children and adults should drink more milk. If one quart of mile 
is included in the daily dietary, more than the usual calcium requirement is = 
vided as well as two-thirds of the phosphorus, one-third of the vitamin A a 
the full quota of riboflavin. A pint a day will go a long way toward meéstin 

requirements and should be the minimum daily intake of each individual : 
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However, milk should not be the sole, or even the main, article of diet for 
adults. To meet the energy requirements of an adult a very large volume would 
be needed, putting an undue strain upon heart and kidney. It would also 
provide an unnecessarily large amount of protein. Milk is deficient in some of 
the vitamins, but its greatest defect is its low iron content. Animals fed on an 
exclusive milk diet develop a nutritional anemia. Von Haam and Beard have 
shown that the type of milk used makes a great difference. Goat’s milk is more 
likely to produce this anemia in rats than is cow’s milk, and human milk has no 
deleterious effect. Nevertheless, breast-fed babies occasionally develop this type 
of anemia, ‘‘the nutritional anemia of infaney,’’ particularly those prematurely 
born. 
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Chapter 8 
BLOOD 


The cells of the tissues of the body are in contact with body fluids which, 
in turn, are in equilibrium with the fluid portion of the blood. In the course 
of the development of the higher animals this relationship of the organism to 
its environment was even more direct. The unicellular organisms were sur- 
rounded by sea water, and probably their mineral content was quite similar to 
it, both qualitatively and quantitatively. Lakes which are of Pre-Cambrian 
origin have a far different distribution of ions than is found in ocean water 
today, and this, together with other data, indicates that sea water in early 
geologic ages differed from modern sea water considerably. Thus potassium 
was probably present in greater concentration than sodium, whereas the reverse 
is true in present-day sea water. 


As time went on, the electrolyte content of ocean water gradually changed 
because of the weathering of rocks, solution of minerals, precipitation of salts, 
and consequent shifting of equilibria. Such changes in the environment would 
make stabilization of conditions within the cell difficult. Apparently the evolu- 
tion of the nucleus provided a mechanism for maintaining internal equilibrium, 
- despite a constantly changing external medium. This change was evidenced by 
an increase in sodium and decrease in potassium ions. Although both sodium 
and potassium salts were deposited on land by rainfall, wind, and inundations, 
the sodium salts were washed back in larger proportion than the potassium, be- 
cause the latter formed insoluble salts with silicon and aluminum, and because 
the living organisms retained more potassium than sodium. Thus sea water 
gradually changed until, in early Cambrian times, when many multicellular 
organisms had evolved and the vascular tube had been sealed, the sea water, and 
hence the circulating tissue fluids, contained more sodium than potassium, less 
calcium, and still less magnesium. This early Cambrian sea water closely re- 
sembles modern mammalian blood serum in electrolyte content (MacCallum). 


Functions 


3 


Blood has a multitude of functions, all of which are highly necessary to 
health and many to life itself. This is so apparent to the layman that he often 
becomes unduly alarmed at the loss of even a small quantity of it. Since blood 
makes up one-eleventh to one-twelfth of the body weight, it is evident that a 
person weighing only 120 pounds has about 10 pounds of blood and the loss of 
a pint, approximately a pound, would not be very serious. Indeed thousands 
of persons have donated considerable amounts of blood both in peacetime and in 
wartime for whole blood transfusions and for the production of plasma. How- 
ever, although single donations do not ordinarily cause more than slight dis- 
comfort, they should not be repeated too frequently, and evidence of so let 
blood regeneration should be demanded. ae 
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Among the chief functions of blood are the following : 


: i Transportation of foods, or the products resulting from their digestion, - 
rom the intestines and the chyle ducts to the tissues, from the liver to the tissues 
ind back to the liver, and from one tissue to another. 

2. Exchange of the respiratory gases between the lungs and the tissues. 

3. Transportation of waste products arising in metabolism, such as urea 
nd uric acid, to the kidneys, skin, intestines, or liver for excretion. 

4. Distribution of hormones, enzymes, vitamins, and other substances, by 
rhich the effective agent is brought almost instantaneously to the organ or 
Issue which is to be stimulated or inhibited. 

5. Protection against microorganisms; leucocytes, antitoxins, and other 
actors aid in combating these foreign invaders. 

6. An aid in acid-base balance. 

7. An aid in water balance. 

8. Heat regulation of the body which is controlled largely by the shifting 
f the blood to or from the surface of the body. 

Some of these functions will be discussed in other chapters and one (No. 5) 
elongs in the province of bacteriology and immunology. 


General Composition 


Circulating blood consists of a fluid portion, the plasma, and the formed 
lements. The former is 55 to 60 per cent by volume of whole blood. The formed 
lements are the red blood cells, or erythrocytes, the white blood cells, or leuco- 
tes, and the blood platelets. It is usually stated that the average number of 
d blood cells in the human being normally ig 5,400,000 per cubic millimeter 
r men and 4,900,000 for women, but higher figures are not uncommon. There 
a slight fluctuation in the red cell count during the day; it is lowest during 
eep, increases on awakening, and continues to increase during the rest of the 
y. Persons living at high altitudes usually have a higher count than those 
ing at sea level. High red cell counts also follow muscular exercise, emotional 
citement, and increased atmospheric temperature. These are temporary 
anges, resulting from a flow of concentrated blood from the spleen. Any 
ndition which tends to lower the oxygen content of the blood causes an in- 
ease in the number of erythrocytes. On the other hand, conditions which in- 
ease the oxygen of the blood cause a decrease in the red cell count. High 
rometric pressure is an example. Pathologically, increases and decreases 
the number of red cells frequently occur. A condition in which there is an 
ereased red cell count is called a polycythemia; an anemia is a condition 
which there is either a lowered red cell count or a subnormal concentration 
hemoglobin. 

If blood is removed from the artery or vein, it will clot or coagulate in a 
minutes. The whole mass becomes gelatinous. If undisturbed, a clear 
aw-colored fluid is gradually squeezed out; this is serum. In this case the 
med elements have become enmeshed in the clot. Blood plasma may be 
arated from the formed elements if, immediately after the blood is obtained, 
is placed in paraffin-lined vessels and centrifuged in a cold atmosphere. There 
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is thus obtained a fluid, which is also clear and straw colored, and which will clot 
in a short time, gradually squeezing out serum from the clot in the process. 
Whole blood - Formed elements = Plasma 


Whole blood - (Formed elements + Clotting factors) = Serum 
Plasma - Clotting factors = Serum 


Clotting, of course, is a process which protects the individual from excessive 
loss of blood. For purposes of chemical analysis or other studies, it is often 
inconvenient to have the blood clot; therefore methods of preventing clotting 
are used. Whipping, or defibrinating blood, will accomplish this. Blood is 
beaten with feathers, or twigs, or is shaken in a bottle with glass beads. The 
blood fibrin, which forms the clot, elings to the foreign object and the fluid blood 
remains. However, as can readily be seen, this is not really preventing 
clotting, but causing clotting and removing the fibrin conveniently. Defibrinated 
blood is whole blood minus the clotting factors. Addition of soluble oxalates, 
citrates, or fluorides to blood ag it flows from a blood vessel will prevent it 
from clotting in vitro by precipitating calcium or changing it to an un-ionized 
form, since calcium ions are necessary for clotting. Hirudin, a substance 
derived from the salivary gland of the medicinal leech, and heparin, from 
liver and other tissues, will do the same thing and will also prevent blood from 
clotting if they are injected into the animal. The injection of toxic doses of 
protein digests (‘‘proteoses and peptones’’) will likewise prevent the blood 
from clotting, but they will not act upon blood in vitro. As indicated, both 
cold and paraffin-lined containers inhibit, but do not prevent, clotting. 


Physical Characteristics 


Arterial blood is a bright crimson in color; venous blood is a darker red 
but is not purple or blue. Blood is more viscid than water, the viscosity being 
due to the many corpuscles present and to the high protein content. The pH 
1s approximately 7.4, with an extreme normal range of from 7.3 to 7.5. The 
mechanisms for maintaining this constancy of reaction are varied and will be 
taken up in a later chapter. The specific gravity of blood ranges from 1.035 
to 1.075. This may be determined clinically by Hammerschlag’s method, which 
simply consists of letting drops of blood fall into mixtures of ehlaroreern and 
benzene of varying proportions. If the drop does not rise or sink in one mixture, 


it evidently has the same specific gravity, which can easily be determined by a 
hydrometer. 


vey fae ie: ele: Pad weayeTe yi: modifications of Hammerschlag’s method 
CO A Net Pharr ve the difficulty of preparing these mixtures and because, once 
ae portray A Bore eeecan in specific gravity due to the differential evaporation of 
vera eae ie ical “" copper sulfate method’’ for the determination of the specifi¢ 
Shaun shen bay plasma has been described by Phillips, Van Slyke, and co- 
ing concentrations is ca ace reat ee ie nite 
dae orm-benzene mixtures. Each drop of blood on 
sae ok Pent ems encased im a covering of copper proteinate and eat as a 
saat ead i change of gravity for fifteen to twenty seconds, during which its rise 

eveals 1t8 gravity relative to the test solution. The test solutions may be prepared 
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rom a saturated solution of copper sulfate. The copper sulfate solution automatically cleans 
tself; that is, after the test is completed the drop settles to the bottom as a precipitate. 
‘hen it may be used again and again, since its specific gravity is not appreciably affected 
mtil a large number of tests have been made. For accurate work, a series of copper sulfate 
olutions graded at intervals of 0.001 in specific gravity is used. Thus, twenty solutions 
over the plasma range from 1.015 to 1.035 and forty cover the entire blood range from 
-035 to 1.075. It has been shown that the total red cell volume and hemoglobin concentra- 
ion can be ascertained if the specific gravities of whole blood and plasma are known and that 
he protein content can be computed from the specific gravity of plasma (Ashworth and Ti- 
ertt; Moore and Van Slyke). For these estimations simple line charts have been prepared. It 
hould be mentioned that whole blood may be introduced directly into the copper sulfate 
olutions, but if an anticoagulant is required, more than the minimum amount of heparin or 
f oxalate should be avoided so that the specific gravity is not appreciably affected. 


THE FaLLiIne Drop MrtTHop.—The specific gravity can also be determined by the falling 
rop method. This is based on the fact that the rate of fall of a small sphere in a viscous fluid 
3 a function of the size and specific gravity of the sphere, the specific gravity and viscosity 
f the fluid through which it falls, and the acceleration due to gravity. The method provides 
hat the drop of serum or plasma be timed as it falls through an oil, with which it is 
ot miscible. By using a calibrated pipette, the radius of the drops is kept constant. 
he specific gravity of the drop may be determined from its rate of fall in the oil, which 
3. a mixture of xylene and bromobenzene, or a mixture of methyl salicylate and mineral 
il, The rate of fall is determined by timing the duration of the fall between two etched 
ings on the glass cylinder containing the oil, 10 em. apart. The specific gravity is as- 
prtained by consulting a graph which is plotted from the falling drop time of solutions 
f salts whose specific gravities are known. The applications to blood plasma and serum 
re similar to those for the copper sulfate method. 


SEDIMENTATION RaTE.—When the blood is circulating, the movement keeps the cells quite 
enly mixed. When taken from the blood vessel, the formed elements immediately begin 
settle out. The blood usually clots before this can occur to an appreciable extent, and 
e cells are enmeshed in the fibrinous gel, but if clotting is prevented, the cells will settle 
t slowly, leaving a clear layer of plasma at the top. The rate of settling out, or sedimenta- 
n time, is being determined widely for clinical purposes. The blood is prevented from 
otting by adding a definite amount of an anticoagulant to it. It is then drawn up into 
standard tube, and the length of the column of clear plasma which is seen at the top is 
asured at the end of one hour. The suspension stability of the blood is thus determined. 
ere are several methods in common use, and some include refinements of this general tech- 
que. Consequently the figures obtained by the different methods are not comparable. It 
therefore advisable at the present time to report sedimentation rate as ‘‘normal,’’ ‘‘fast,’’ 
ery fast,’’ or ‘‘slow.’’ Normal men generally have a lower rate than women, and newborn 
ants have a very low rate. In menstruation and normal pregnancy the rate is markedly 
creased; i.e., the suspension stability is decreased. Pathologically, many conditions have 
en found which also increase the rate, particularly septicemia and pulmonary tuberculosis. 
e of the probable reasons for the decreased suspension stability is a clumping together of 
e cells (agglutination), due often to an increase in the globulin and fibrinogen content of 
plasma. The ratio of cholesterol to phospholipids also has some influence upon the sedi- 
ntation rate. Cholesterol and its esters increase it, while the phospholipids decrease it. 





BLOOD PLASMA 


Blood plasma is a light straw-colored fluid having a specific gravity of from 
15 to 1.035. It is evident that the higher specific gravity of whole blood must 
ascribed to the erythrocytes, the specific gravity of which is about 1.090. As 
eviously stated, the specific gravity of plasma is related to the protein content, 
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and an approximation of the total protein of plasma may be obtained by de= 
termining the specific gravity and applying the following formula (Moore and 


Van Slyke) : 
Percentage of total protein = (Specific gravity - 1.007) 360 


Human plasma contains from 90 to 92 per cent water. Blood owes much 
of its physiological importance to its high water content, for not only is water 
the medium for carrying the water-soluble and water-dispersible substances 
present, but it also is needed for maintaining blood pressure, osmotie conditions, 
and heat regulation. As regards heat regulation, it should be remembered that 
water has (1) high specific heat, (2) high heat conductivity, and (3) high latent 
heat of evaporation. Thus water has great heat storage properties; that is, 
more calories of heat are required to raise the temperature of water a given 
number of degrees than for most fluids. Its high conductivity results in the 
rapid removal of heat from the interior of the body by conduction through the 
water in all the soft tissues and body fluids, as well as in the blood. Finally 
a great deal of heat is lost through evaporation from skin and lungs, the water 
coming largely from the blood plasma. 

Proteins form most of the solid matter of plasma. They total between 6 
and 7 per cent of the plasma. They include fibrinogen, serum albumin, and 
serum globulin. The globulin and perhaps the albumin fraction each consists of 
more than one individual protein. Their approximate concentrations in human 
plasma, as determined by electrophoretie analysis, as well as by chemical analy- 
sis, are Shown in Table X XITT. 


TABLE XXIII 


DISTRIBUTION OF HUMAN PLASMA PROTEIN COMPONENTS IN NORMAL ADULTS AS DETERMINED 
BY ELECTROPHORETIC AND SODIUM SULFATE FRACTIONATION * 





























ELECTROPHORETIC FRACTIONATION t SODIUM SULFATE FRACTIONATION 
PERCENTAGE PERCENTAGE 
OF TOTAL CONCENTRATION OF TOTAL CONCENTRATION 

COMPONENT PROTEIN t @M./100 ML. | COMPONENT PROTEIN ¢ @M./100 ML. 
Total protein 6.03-6.72 Total protein 6.0 -8.0 
Albumin 55 3.32-4.04 Albumin 67 4.3 -5.0 
Globulin 

Alpha-1 5 0.31-0.32 Pseudoglobulin IT 7 0.2 -0.8 

Alpha-2 9 0.48-0.52 

Beta 13 0.78-0.81 Pseudoglobulin I 19 0.8 -1.9 

Gamma nts 0.66-0.74 Euglobulin 4 0.1 -0.4 

Fibrinogen 7 0.34-0.43 Fibrinogen 3 0.17-0.25 

Total 45 2.71-2.72 Total globulin 33 1.9 -3.3 

*From Metcoff, J., and Stare, F. J.: The Physiologic and Clinical Significance of Plasma — 


Proteins, New England J. Med. 236: 26, 1947 

+The distribution of components in normal pooled human plasma as derived from electro- 
phoretic analysis is based on the total refractive increment contributed by each component. 
The quantitative amount of each fraction is based on nitrogen analysis assuming the con- 
ventional conversion factor of 6.25. A further assumption tentatively assigns a similar re- 
fractive increment per gram of nitrogen to all components. Data derived from several studies. 
Fractionation in diethylbarbiturate buffer at pH 8.6. ; 


tPercentage of total protein represents an approximation. 


There is also a small amount of prothrombin in plasma and these coagulable: 
proteins, the albumins, globulins, fibrinogen, and prothrombin have been termed 
Gis pee aioe? : : 

‘‘orosins’’ by Block. In addition, there is some mucoid present. Although we: 
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speak of individual proteins as being present in blood plasma, it is possible 
chat they are really components of one or more protein complexes and in the 
iving organism may not exist as albumins, globulins, ete. That is, they may 
ye “‘artifacts,’’ substances formed or broken off by the chemical processes 
9f purification. 

Fibrinogen is the protein which, when blood ig shed, is converted into 
ibrin, the basis of the blood clot. It resembles the globulins in most of its prop- 
rties but has a few different precipitation reactions. It resembles them in 
eing precipitated by half saturation with ammonium sulfate, but globulins re- 
juire full saturation with sodium chloride, whereas fibrinogen requires only 
nalf saturation. It is formed in the liver. Animals deprived of their liver by 
surgical operation (hepatectomy) rapidly lose the fibrinogen of their blood. 
The fibrinogen content of plasma increases when inflammatory or infectious 
processes exist; also during menstruation and pregnancy. The liver is also the 
site of formation of the albumin, prothrombin, and probably more than 80 
yer cent of the globulins. (Post and Patek; Miller.) Normally the plasma pro- 
eins are broken down, or catabolized, continuously, but rather slowly, and the 
rebuilding process, or anabolism, keeps pace with this, so that the level of these 
proteins remains constant. 


Albumin and Globulin 


Albumins and globulins comprise most of the proteins of blood plasma, 
und it is the relative concentrations of these two proteins, as well as the total 
rotein content, which are of great importance. The reason for this impor- 
ance is that under normal conditions the colloidal osmotic pressure of the 
lood, due almost entirely to the proteins of the plasma, is the force which 
pposes the hydrostatic pressure in the eapillaries. The total osmotic pres- 
ure is the osmotic pressure due to the electrolytes and organic erystalloids 
resent plus that due to the colloids. The electrolytes and organic crys- 
alloids are quite diffusible and pass through the capillary walls into the tis- 
ue fluids rather freely. Hence the osmotic pressure which they exert is the 
ame on both sides of the capillary. The plasma proteins, however, are not so 
reely diffusible and are greater in amount within the capillaries than without. 
herefore, the osmotic pressure which they exert, small though it is, is greater 
nside than outside the capillaries. This is a pressure exerted inward, a suction, 
nd normally just balances the hydrostatic pressure (due to the heartbeat, 
lasticity of the arteries, ete.) which is exerted outward. This may be made 
learer by the following figures and diagram. The total osmotic pressure of 
lasma is about 6.5 atmospheres or 4940 mm. of mercury. This is a suction and 

almost balanced by a similar osmotic pressure (suction) of the tissue fluids 
athing the capillary. The slight difference is due to the difference in protein 
oncentration between the plasma and tissue fluids. 





Osmotic pressure of plasma proteins is about 28 mm. Hg 
Osmotic pressure of tissue fluid proteins is about 10 mm. Hg 


Difference 18 mm. Hg 
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Therefore, the effective osmotic pressure of the plasma proteins is 18 mm. Hg. 
The hydrostatic pressure inside and outside the capillaries will vary in dif- 
ferent locations and under different conditions, but assuming that the effective 
hydrostatic pressure is 32 mm. Hg at the arterial side of a given capillary and 
falls to 12 mm. at the venous side, the following state of affairs would then exist: 


Arterial IE. Capillary aes? Venous 
side side 
32 18 12 I] 18 
mm. mm. mm, mm. 


As a result, at the arterial side the hydrostatic pressure exceeds the colloidal 
osmotic pressure (82 — 18 = +14 mm.) and fluid tends to be forced out. At the 
venous side the reverse is true (12 - 18 = -6 mm.) and fluid is sucked back. 
Thus filtration is favored at the arterial side and absorption at the venous side. 
It is easy to see that if the protein content of the plasma were to fall, the ef- 
fective colloidal osmotic pressure would drop, more water would be forced out, 
and less would be absorbed. The water of the blood would pass into the tissues 
and edema would result. More than 80 per cent of this colloidal osmotic effect 
is attributable to the albumin fraction. The reason for this is that there is 
more albumin, with a comparatively low molecular weight (about 70,000), than 
globulins, possessing molecular weights over 165,000. Pathologically, dam- 
aged kidneys eliminate proteins in about the same relative proportions 
as they are present in normal plasma. This means a greater loss of albumin 
than globulin, a particularly unfavorable occurrence if the plasma is already low 
in albumin. Experimentally, edema may be produced by ‘‘plasmapheresis.”’ 
This procedure consists in repeatedly bleeding the animal and injecting the 
blood cells after they have been washed and suspended in a protein-free saline 
solution. When the protein content of the plasma falls below a critical level, 
edema occurs for the reason given before. There are a number of mechanisms 
which might lead to a low protein content; e.g., loss of protein via the kidney 
(in nephrosis, for example), inadequate or improper protein intake, inhibition 
of plasma protein synthesis and loss of protein as a result of increased per- 
meability of the capillaries. 


Edema may result from a number of other causes besides the one described. The prin- 
cipal group of causes refers to general or local changes in capillary blood pressure. That is, 
if the arterial pressure is relatively lower than the venous pressure, there will be a back pres- 
sure and a slowing up of capillary flow with a distention of the capillaries and consequent 
forcing out of fluid by this increased capillary /pressure. This is frequently produced as a 
result of heart failure or mechanical obstruction of the large veins. Increased permeability 
of the capillaries may also produce edema.’ This may be secondary to these changes in 


capillary pressure or may be brought about/ by avitaminosis, as in beriberi and scurvy, by 
bacterial or other toxins, or by extreme heat. 


Other functions of the proteins, besides the clotting power of fibrinogen, are 
their nutritive effects and their buffering power. All of these will be considered 
in other chapters. Most of the substances concerned in immunological reactions 
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are of protein nature. At any rate, the antibodies which are present in blood, 
or are produced there, are modified serum globulins. When a foreign protein, 
an antigen, is injected parenterally into an animal, an antibody is formed which 
is present in the serum of the animal and may be demonstrated by tests in 
vitro. The reactions in such tests are termed ‘‘precipitin’’ reactions if the . 
antigen used is of molecular size. They are called ‘‘agglutinin’’ reactions 
if the antigen is of cellular size, and ‘‘lytic’’ reactions if the cellular antigen is 
lysed. 

Regeneration of Plasma Proteins.—Fibrinogen is produced by the body 
with remarkable speed. Drury and McMaster bled rabbits and injected the 
defibrinated blood into the same animals. It was found that after removal of 
most of the fibrinogen, it was almost completely regenerated in five or six hours. 
This did not occur if the animals had been hepatectomized. The other plasma pro- 
teins are not replaced so quickly, however. Whipple and his co-workers have 
studied this problem extensively, using plasmapheresis to deplete the organism 
of plasma proteins. In the first place, if the proteins are reduced to a con- 
centration of between 1 and 2 per cent of the plasma, death usually occurs. If 
it is reduced to about half the normal value, regeneration is fairly rapid for 
the first twenty-four hours, during which about one-third of the deficit is re- 
stored. Thereafter, regeneration proceeds more slowly until the full quota of 
protein is restored, in from seven to fourteen days. The diet of the animal plays 
an important role in plasma protein formation, proteins containing a suitable 
assortment of amino acids being necessary for rapid regeneration. These studies 
have shown that the liver is the chief site of formation of these proteins 
also, although the intestine may have some part in this function. Normally 
there is a considerable reserve of plasma protein-forming material in the body. 
This reserve may be reduced by a low protein diet, by fasting, or by plasma 

epletion (plasmapheresis or hemorrhage). When such depletion occurs, the 
nimal is much less resistant to infection or poisoning. However, such states 
ean be remedied readily by feeding adequate protein together with other suit- 
ble nutritive factors. 

Electrophoretic Analysis.—Electrophoretic studies of blood plasma and 
erum have increased in number and interest recently and will continue to 
ain in importance as the results become clarified. The chief difficulty until 
ecently was in the size and cost of the apparatus required, but technical im- 
rovements have remedied this considerably. A brief discussion of electropho- 
‘esis will be found on page 113. It was pointed out that proteins move in an 
lectric field because of the electric charges which they carry. In the Tiselius 
pparatus the diluted and dialyzed serum or plasma is overlaid with a 
uffer solution. During electrophoresis the various proteins at the boundary 
yetween the buffer solution and the plasma become separated and move at 
different rates of speed. As they move, the relative positions and widths of 
he protein boundaries may either be visibly projected upon a ground-glass 
creen or recorded on a photographic plate. The albumin fraction moves 
aster than the globulins or fibrinogen, and a study of the patterns ob- 
ained reveal six distinct proteins (Fig. 18). The area of each ‘‘hump”’ 
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measures the concentration of the protein moving with that particular mobility. 
Careful study has shown that fractions formerly designated ‘“nseudoglobulin,’’ 
‘“‘euglobulin,’’ ete., which were obtained by salting-out methods, were really 
mixtures of several globulins. The older terminology has therefore been 
abandoned and the nomenclature of Tiselius is now generally adopted. The 
proteins shown to be present are: albumin, a;-, a-, B-, and y-globulins, and 
fibrinogen. Probably there is more than one albumin present even though 
this does not appear on the electrophoretic curve. The stationary peaks (34, e) 
on the pattern are believed to be boundary anomalies, due to nonprotein 
factors. It should be mentioned that the patterns will differ with different 
species, and also, even in the case of the same sample, with the buffer used 
and with the period of electrophoresis. As seen in Fig. 18, the albumin peak is 
the tallest and best defined while the globulin and fibrinogen peaks are lower 
and often spread over a greater distance. The ascending and descending 
boundaries are not identical. 
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Fig. 18.—Electrophoretie pattern of normal human é i y 
i B é t z é plasma in 0.1N Na V at pH 8.6. 
pealoballn cha tie Con ee ends inward, albumin, ai-, a, and eh ae ee 
glo Sei anomalous peak. : ongswor rive : Re : : 
Williams & Wilking ono peak (From Longsworth, L. G.: Chem. Rev. 80: 323, 1942; 


Electrophoresis does not separate the protein components into ‘‘echemieally 
pure”’ substances. According to Tiselius, the albumin component contains bili- 
rubin, and the B-globulin, cholesterol. All of the protein fractions contain earbo- 
hydrate and some lipid material. During chemical Separation most of these 
“combinations”? are broken; consequently it is highly probable that the 
purified’’ products thus isolated are really derivatives of the protein com- 
plexes as they cireulate in the blood, and as they are prepared hiaclenna 
phoresis. 
we ce tec teat a ili beginning to be understood. All 
presi nettigct S a P yaaa previously described, but the 

g size, lower molecular weight, and a higher con- 
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centration than the others, contribute most to them. The albumins and probably 
other plasma proteins are concerned in nutritive functions, although dttey 
are actually rather poor proteins nutritionally, since they contain little igo- 
leucine and tryptophan. Plasma proteins upon intravenous injection are 
metabolized and it is presumed that those normally circulating are similarly 
utilized. Antibodies are for the most part associated with the y-globulin frac: 


tion (Cohn). Among these are the antibodies reacting with diphtheria toxin 


and those reacting with the viruses of mumps, influenza, and poliomyelitis. 


Che funetion of fibrinogen in blood-clotting will be discussed in a subsequent 
section of this chapter. One protein, called ‘‘siderophilin,’’ in the B-globulin 
fraction, carries iron. 





i —————————____? 
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Fig. 19.—Representative electrophoresis diagrams of sera of patients with multiple 
myeloma. a, Alpha type; Jb, beta type; c, gamma type; d, multiple peaks; e, minor anomalies. 
Ascending boundaries. (From Reiner, M., and Stern, K. G.: Acta Haematol. 9: 19, 1953.) 

A great variety of studies of pathological plasmas and body fluids have 
heen made. and a few generalizations are permissible. (Stern and Reiner.) In 
pneumonia, for example, and probably in all febrile conditions, the a-globu- 
lin fraction is increased. In most conditions in which an antigen-antibody 
system is involved, the y-globulin fraction is found to be definitely elevated. 
The blood serum in cirrhosis of the liver is extremely abnormal. (Gray and 
Barron-Guzman.) The same is true of nephrosis, but the protein-containing 
urine of nephrotic subjects produces an electrophoretic pattern closely re- 
sembling normal serum (Longsworth and MacInnes), indicating that in 
nephrosis the urinary protein is not entirely albumin as was formerly believed. 
In multiple myelomatosis, a malignant disease of the bone marrow, a variety of 
electrophoretic patterns is encountered (see Fig. 19). The reason for this is 
not known. 

Other Constituents of Plasma.—Included in the small remaining fraction 
of plasma solids are amino acids and lower peptides, glucose, lipids, lactie acid, 
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the ketone bodies, nitrogenous waste products, pigments, inorganic salts, en- 
zymes, vitamins, and hormones. Glucose is present in a concentration of ap- 
proximately 0.1 per cent. It is most probably a, B p-glucose. Both the amino 
acids and glucose vary in amount with the state of digestion and nutrition. This 
is also true of the lipids. In general, they rise after meals, reach a high point, 
level off, and then fall. Abnormally, all vary to a greater or smaller degree. 
These fluctuations will be considered in Chapter 22. The lipids of plasma are 
fats, fatty acids, phospholipids, cholesterol, and cholesterol esters. The phos- 
pholipids include lecithin, a smaller amount of sphingomyelin, and a very 
little cephalin. Most of the lipid is bound as the £-lipoprotein, which repre- 
sents about 5 per cent of the normal plasma proteins. (Oncley, Gurd, and Melin.) 
Lactic acid is present normally in small amounts and inereases with exercise, and 
also under pathological conditions. It is a product of carbohydrate metabolism. 
Traces of the ketone bodies, namely, acetone, diacetie acid, and beta-hydroxy- 
butyrie acid, also are normally present. They are derived from fatty acids and 
are increased when there is interference with fat metabolism. The nitrogenous 
waste products result from the breakdown of proteins, purines, and other nitro- 
gen-containing substances present in food and tissues. Included are urea, uric 
acid, creatinine, hippurie acid, and others. Their presence in blood is an indi- 
cation of the transportation of waste products by the blood stream to the kidneys 
and other organs of elimination. Creatine is also present in minute amounts. 
The pigments of normal plasma probably include the urinary pigments, bile 
pigments, and carotene, all in traces, but abnormally these may be increased 
and others added. 

The positive inorganic ions present in blood in appreciable amounts are Na‘, 
K*, Ca**, and Mge**. The negative are Cl-, HCO;-, SO, and HPO, (see Fig. 54). 
In addition, lactic and other organic acids and proteins contribute somewhat to 
the ionie picture. In plasma and, in fact, in all body fluids, the concentration 
of sodium ions exceeds that of potassium: in the blood cells, and other cells, 
the reverse is true. The bicarbonates and the phosphates are quite important 
as buffers and the shifting of the chloride ion in and out of the erythrocytes has 
a definite role in acid-base balance. Changes in the concentrations of many 
ef these ions occur under pathological conditions; for example, the Na* and 
Cl concentrations fall and that of K* rises in Addison ’s disease, and Ca* is 
diminished when parathyroid function fails. This is also the case as regards 
some of the elements and ions present in traces; e.g., iodine and iodides, sulfo- 
cyanates, copper, and iron. 

There are an amylase, an invertase, and glycolytic enzymes present in blood 
. plasma. The glyecolytie enzymes are very important from a practical stand- 
point. When a blood sample is taken from an individual, the concentration 
of glucose will be found to diminish slowly as a result of the action of these 
enzymes, Consequently, sugar analyses should be begun as soon as possible 
after the blood is obtained. Other enzymes present are catalase, lipase, pro- 
tease, phosphatases, peptidase, 8-glucuronidase and choline esterase, | 
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RED BLOOD CELLS 


The red blood cells, or erythrocytes, are formed in the bone marrow. The 
control of the production of these cells depends upon a hematopoietic substance, 
or erythrocyte-maturation factor. The mechanism of its production will 
be described in greater detail later. However, in addition to this factor, which 
is stored in the liver and stimulates maturation of the red blood cells in bone 
marrow, there are required for normal erythropoiesis suitable and adequate 
dietary protein, ‘‘available’’ iron salts, and traces of copper and cobalt. 


The red cells contain less water than the cells of most tissues; namely, about 
60 per cent. Most of the solid matter is hemoglobin, the conjugated protein 
which is the red coloring matter of blood. The stroma, or meshwork, is composed 
of other proteins and lipids, to which the hemoglobin is probably bound in- 
timately. The red cell is thought to have a membrane, an extremely delicate 
covering composed, perhaps, of the same substances as are present in the rest 
of the cell but in greater concentration. The lipids are chiefly cholesterol, 
lecithin, and cephalin, and the proteins include an albuminoid, ‘‘stromatin,’’ 
and a lipoprotein, ‘‘elinin.’’ Elinin seems to possess antigenic properties 
(Calvin and others). Another protein of the stroma is hemocuprein, a bluish 
copper-containing substance, the function of which is unknown. Various en- 
zymes are present, including carbonic anhydrase, catalase, peptidases, choline 
esterase, and the enzymes of the glycolytic system (see page 423). All of the 
glutathione of blood is located in the red cells. Adenosine di- and triphos- 
phates (see page 422) and di- and triphosphopyridine nucleotides (see page 
347) are also important constituents of the erythrocytes. Soluble organic crys- 
talloids present include urea, amino acids, creatinine, and glucose. The concen- 
tration of glucose is about the same in the red cell as in plasma. The electrolyte 
composition of the red cells is qualitatively similar to that of the plasma. It 
differs quantitatively, however. There is more potassium than sodium—Just 
the reverse of the relationship of these two elements in plasma. The osmotic 
pressure of the interior of the red cell is equal to that of the plasma. (This is 
normally equivalent to the osmotic pressure of a 0.9 per cent NaCl solution, 
which is termed ‘‘normal’’ or, better, ‘‘physiological’’ saline, since it is not the 
same as a chemically ‘‘normal’’ solution.) Changes in osmotic pressure of the 
medium surrounding red blood cells influence their size. If the solution is hypo- 
tonic, water will pass into the cell and its size will increase. Not a very great in- 
crease occurs before the cell bursts and the hemoglobin is released. This process 
is called hemolysis or laking, and such blood, which is a clear transparent erim- 
son fluid, is laked or hemolyzed blood. By putting the red cells in a hypertonic 
solution, ie., one which has a higher osmotic pressure than 0.9 per cent NaCl, 
the cells shrink and take on a shrivelled appearance. These are described as 
‘‘erenated’”’ cells. Hemolysis may be produced by other means besides the one 
mentioned. Substances which dissolve or change the physical state of the 
lipids, such as ether, chloroform, bile salts, and soaps, will accomplish the same 
purpose. Certain biological toxins, especially those produced by venomous snakes 
and hemolytic bacteria, also cause the laking of red cells. Some contain en- 
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zymes which hydrolyze lecithin and others act by solution ee eee 
with, lipids. Physical forces, such as irradiation with res i) nf ‘al 
Mioninte freezing and thawing, may so alter the structure of the a ie eae 
the release of hemoglobin. Aging, also, has a similar effect, af ae rae 
whole citrated blood, kept in blood banks, cannot be used ie ne 
seven days. The red cells become more and more fragile. The : aie Z thes? 
cose prolongs the serviceable period to from sixteen to thirty days, va ie z " 
conditions. Hemolysis may occur in the human body under pat ipa s 
ditions, but it never occurs in the body as a result of lowering aes: ee ; 
When it does occur, as a result of the action of bacteria, venoms, or ¥ bide k 
the hemoglobin released into circulation is excreted by the kidney, resulting i 

hemoglobinuria. 

Hemoglobin 


Hemoglobin is a conjugated protein, with a prosthetic group, heme, united 

ie . . <— }. . 
to the protein, globin. The pigmentary property and chief respiratory functions 
are associated with heme, the iron-containing pigment, but it must be mentioned 
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Fig. 20.—Absorption spectra. At the top are shown the positions of the reference lines, 
next is a millimicron scale, below which are indicated the positions of the colors of the solar 
spectrum. The spectra below must be pictured as having these same spectral colors wherever 
light appears, the dark portions appearing black because of absorption of the light rays. 

1, Oxyhemoglobin; 2, 3, and 4, carbon monoxide hemoglobin of different concentrations 
(compare with 1 and noté the slight but definite difference in the position of the two bands 
and also the disappearance of one absorption band in the most dilute solution, 4); 5 and 6, 


hemoglobin of different concentrations; 7 and 8, methemoglobin of different concentrations, 
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that the globin fraction plays a role in carrying CO, (see page 537). Itisa crys- 
tillizable protein and, according to Reichert, each species has its own peculiar 
erystalline Pemaeiibin It has the power of uniting in loose combination ‘with at- 
mospheric oxygen, forming oxyhemoglobin. This occurs in the capillaries sur- 
rounding the alveoli of the lungs, and the oxygen is thus transported in the 
arterial blood to the tissues, where part of its is released, and the venous blood, 
somewhat depleted of its oxygen supply, returns to the lungs for oxygenation. 
Hemoglobin, its derivatives, and other related compounds have charac- 
teristic absorption spectra. That is, if such a solution is interposed between a 
source of white light and the prism of a spectroscope, the light of certain wave 
lengths is absorbed, and dark bands, or shadows, appear in the spectrum wher- 
ever the light has been taken out. Thus, hemoglobin, when in the deoxygenated 
state (‘‘reduced hemoglobin’’), has one broad band in the yellow-green section, 
its center being at 559 mp. Oxyhemoglobin has two narrow bands. One, the 
narrower of the two, is in the yellow, with its center at 579 mu. The wider 
one is nearer the green, with its center at 542 my. On dilution, the wider one 
disappears first. Extremely dilute solutions of hemoglobin may be detected 
spectroscopically. This method has various practical applications in the recog- 
nition of a number of derivatives of hemoglobin. In Fig. 20 is shown the ab- 
sorption spectra of some of these compounds. 
Chemical Structure of Heme.—Heme is an iron porphyrin, a porphyrin 
being a union of four pyrrole groups. 





Pyrrole 


eme may be represented by the following structural formula: 
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where Me = methyl, Vi = vinyl, Gl = globin, and R = propionic acid 
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It should be noted that the arrangement of the double bonds varies in the dif- 
ferent pyrrole groups. [ree heme does not contain globin or H,0, but hemo- 
globin does. Four molecules of heme unite with one of globin to form 
hemoglobin. It may be represented by the following scheme: 


Heme Heme 
NTR oe 
Globin 


Heme Heme 
Hemoglobin 


For each heme group, one of the coordination valences of the iron is believed 
to be connected to one of the imidazole N’s of a histidine component of glo- 
bin. The other two linkages to globin are postulated to be combined with the 
two propionic acid groups present in heme. 
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Fig. 21.—Diagram of part of heme molecule indicating sources of nitrogen and carbon 
atoms. 


The alpha carbon of glycine is shown as the source of the methene bridge carbon as well 
as of one pyrrole carbon, the exact position of which in the ring is not known. 


Our knowledge of the synthesis of heme in the body has been extended. 
very materially by the use of isotopically labeled compounds. Not only ean 
the animal as a whole synthesize the pyrrole unit, but it has been demonstrated 
that heme can be synthesized in vitro by mammalian reticulocytes and by the 
nucleated red blood cell of birds. Rittenberg, Shemin, Altman, Kamen, Lon- 
don and their co-workers have demonstrated these phenomena and have de- 
termined the sources of the individual parts of heme in several brilliant series 
of experiments. (See Fig. 21.) The initial findings demonstrated that glycine 
and acetic acid are concerned with the atoms of the porphyrin. The nitrogen 
of glycine is utilized for both types of pyrrole rings; that is, those which have 
vinyl groups and those which have propionic groups. The carboxyl earbon 
of glycine is not used for heme formation, but the a-carbon is. Of eight such 
a-carbons of glycine which go into each porphyrin molecule, four are the 
source of the methene bridge carbon atoms, and four others go, one each, into 
comparable positions of each pyrrole unit. The remaining carbons are derived 
from suecinie acid, a member of the triearboxylie acid eyele. (See page 426.) 
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Since acetic acid enters into metabolism by way of the tricarboxylie acid cycle 
it is evident that this is the pathway by which the two-carbon acid is ee 
duced into the porphyrin structure. (Shemin and Wittenberg.) 

Tracer nitrogen was also used to study the life span of red cells. After 
the feeding of labeled glycine was stopped, the concentration of labeled heme 
did not level off and decrease as would be expected if the red cells were rapid] 
being catabolized. It continued to increase for nearly 25 days and then leveled 
off until about the seventieth day. At this time the N* content began to 
diminish. The life span of the average red cell was found to be about 85 days 
for the dog and 120 days and 109 days for the adult man and woman. re- 
spectively (Grinstein; London). It is quite possible that pteroylglutamic 
acid (see page 300) has an influence upon the biosynthesis of porphyrins 
(Totter. ) | 
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Fig. 22.—Hemin crystals from human blood. 


The fact that glycine, an ‘‘unessential’’ amino acid, is required for the 
ormation of heme indicates that it is really essential from this standpoint. 
ndeed some nutritionists believe that those amino acids which are called 
‘unessential’’ are so important for vital functions that the body has ‘‘learned”’ 
0 synthesize them. 

The iron in reduced hemoglobin is in the ferrous state. In oxyhemoglobin it 
s still in the ferrous state, but there is more oxygen present. This is assumed to 
e linked loosely to the Fe by a residual valence force. Other porphyrins ex- 
t in nature or can be synthesized; some have variations in the side chains, 
nd others may have some heavy metal, other than iron, or no metal at all, A 
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hemochromogen is a compound of heme with any nitrogenous substance. Hence, 
hemoglobin and most of its derivatives are hemochromogens, as are also the 
respiratory pigments of the invertebrates, as well as the cytochromes, substances 
which effect oxidations in the tissues. 

Heme may be oxidized to ‘‘hematin,’’ which contains an -OH radical. This 
-OH may be substituted by -Cl, forming ‘‘hemin.’’ Hemin crystallizes out in 
characteristic brown crystals, which may be easily recognized under the 
microscope. (See Fig. 22.) This procedure is used as a test for blood. A 
droplet of blood is placed on a microscope slide and warmed under’ suitable 
conditions with acetic acid and sodium chloride. This splits off the heme from 
the hemoglobin, oxidizes it, and permits the reaction with -Cl. 

Since each molecule of hemoglobin has four heme groups, it contains four 
I'e** atoms. Each heme radical unites with one molecule of oxygen, O,. We 
may accordingly represent reduced hemoglobin as globin (heme), and the re- 
action whereby it performs its respiratory function as: 


Globin (heme), + 40, =< Globin (heme-O,), 
Reduced hemoglobin Oxyhemoglobin 


Usually, however, in discussions concerning this reaction a less exact expres- 
sion is used, namely: 


Hb Opt ee He, 


Reduced Oxyhemoglobin 
hemoglobin 


Most of the oxygen present in arterial blood is held in this loose chemical com- 
bination with hemoglobin. The ease with which this union may be brought 
about and broken may be demonstrated in the laboratory. Blood, which has 
been rendered nonclotting, may be poured from one vessel to another a few 
times and it becomes bright crimson (oxyhemoglobin). Addition of a mild 
reducing agent changes its color to a very dark red (reduced hemoglobin), after 
which it may be oxygenated again as before. These changes may be followed 
spectroscopically if the blood is suitably diluted. In addition to the oxygen 
combined with hemoglobin there is a small amount held in solution in the plasma. 
The tension, or pressure, of oxygen in the plasma, together with other factors, 
determines the rapidity and degree of dissociation of oxyhemoglobin into oxy- 


gen and hemoglobin. The partial pressure of the oxygen in atmospheric air at 
the barometric pressure of 760 mm. Hg is 159 mm. Hg; ie., 20.9 per cent 0, &9 


760 mm. 


hemoglobin becomes completely converted to oxyhemoglobin. 


Increase of 
oxyg 


en pressure can add no more oxygen to the hemoglobin, but can force more 
oxygen into solution in. the plasma,’ Lowering the partial pressure of oxygen 
causes dissociation to occur, but even at 102 mm. Hg, which ig the partial pres- 
sure of oxygen in arterial blood, the hemoglobin is 95 per cent saturated. Still 
lower pressures, such as obtain in the tissues, cause further dissociation or re- 


lease of atmospheric oxygen near the site of tissue oxidations. 


; : This discussion 
will be continued when the chemistr 


y of respiration is taken up (Chapter 20). 


Hg. If blood is placed in contact with oxygen at this pressure, the - 
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CarBoN Monoxipe Hemocuopin.—Carbon monoxide combines with the heme 
portion of hemoglobin to form carbon monoxide hemoglobin, called also earboxy- 
hemoglobin and carbonyl hemoglobin. This is a much firmer combination than 
the one between oxygen and hemoglobin. The affinity of hemoglobin for CO 
is about 210 times that for O,. If, therefore, carbon monoxide is in the inspired 
air, it will form this firm combination to a greater extent than its proportion 
in the air would seem to warrant. Consequently, if enough CO is present, the 
blood will not have sufficient oxyhemoglobin for respiratory purposes and asphyx- 
lation will occur. Carbon monoxide hemoglobin has a cherry red color which is 
not changed readily by reducing agents. Its absorption spectrum resembles 
that of oxyhemoglobin, but the two bands are slightly nearer the violet end of 
the spectrum. Their centers are at 570 and 535 my, respectively. Carbon 
monoxide hemoglobin may also be detected by chemical tests. The simplest is to 
dilute the suspected blood greatly, after treating it with a little NaOH, and com- 
pare the color with normal blood similarly handled. Normal blood shows a 
greenish hue after such treatment, whereas CO blood remains pink. 


Poisoning by carbon monoxide is the most common form of poisoning in 
modern life. Carbon monoxide is particularly dangerous for two reasons: 
First, it is odorless and colorless, and consequently cannot be readily detected; 
second, its action is insidious and rapid. The victims frequently become un- 
conscious in a few minutes and death often follows quickly. 


This gas is found wherever incomplete combustion of carbonaceous materials 
occurs—in automobile exhaust gas (4 to 7 per cent), in chimney gases and 
smoke, and in blasting gases. It is also a constituent of illuminating gas, in 
which its percentage varies from 4 to 40 per cent, depending upon the source 
materials and the method of manufacture. Poisoning may be either of an 
acute or a chronic nature. Both are important from the standpoint of public 
health. Deaths resulting from the inhalation of automobile exhaust gas have 
inereased alarmingly in the past few years. An automobile emits in its exhaust 
1 eubie foot of CO per minute per 20 horsepower. In a small individual 
garage with no ventilation, this amount may be fatal to a person in five minutes. 
It is therefore imperative that a door or window cf a garage always be open, 
even in the coldest weather, when the motor is running. It should also be ap- 
parent that vehicular tunnels are hazardous because of the possible accumulation 
of CO from automobile exhaust gas in the atmosphere. The adequate ventilation 
of such tunnels is consequently of utmost importance. 


There are several factors which determine the degree of toxicity of CO, but all relate 
to one point; i.e., the rate of absorption of this gas. The chief factors are (1) concentration 
of CO in the air respired, (2) duration of exposure, and (3) rapidity of respiration. The rate 
of respiration depends upon the activity of the individual, his age and size, and the tem- 
perature and humidity of the atmosphere. The symptoms produced will depend upon the 
percentage of hemoglobin combined with carbon monoxide and thus rendered physiologically 
useless, at least for the time being. If the percentage of hemoglobin saturated with CO is 


0 to 10 per cent, no symptoms usually are seen; 
10 to 20 per cent, there is possibly a slight headache ; 
20 to 30 per cent, headache, throbbing in temples; 
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30 to 40 per cent, severe headache, weakness and dizziness, dim vision, nau- 
sea, vomiting, possibly collapse ; 

40 to 50 per cent, like the above but with greater possibility of collapse, 
increased pulse and respiration ; 

50 to 60 per cent, unconsciousness, coma with intermittent convulsions, 
Cheyne-Stoke’s respiration (a rhythmic, periodic type of respira- 
tion) ; 

60 to 70 per cent, like the above, but with depressed heart action and res- 
piration, possibly death; 

70 to 80 per cent, weak pulse, respiratory failure, death. 


The proportion of CO in the air necessary to produce such CO saturation figures will 
depend upon the factors first mentioned, but in a general way it may be said that if the 
respired air contains 


0.01 per cent, symptoms begin after a few hours; 

0.04 per cent, it is safe for only about one hour; 

0.10 per cent, it is uncomfortable and may be dangerous in two hours; 
0.30 per cent, it is dangerous in thirty minutes; 

0.60 per cent, it is dangerous in ten to fifteen minutes; 

1.30 per cent, it is dangerous in one to three minutes. 


The treatment in cases of CO poisoning is (1) rapid removal from the poisoned 
atmosphere, (2) artificial respiration, using an O, and CO, mixture if available, and (3) blood 
transfusion, if necessary. 

Chronic carbon monoxide poisoning may result from a leakage of CO into the respired 
air in a number of ways. Defective furnaces, leaky gas pipes or fixtures, and smoke from 
chimneys are examples. Workers in railroad roundhouses or in garages are also subject te 
this condition for obvious reasons. The symptoms are too diverse to be enumerated here. 
It is said that they may resemble a number of common illnesses or conditions, e.g., colds, 
rheumatism, dietary indiscretions, and hysteria, and thus delay diagnosis. The symptoms 
most frequently mentioned, however, are ‘‘tightness’’ across the forehead, headache, flushed 
face, cherry red patches on the skin, noises in the ears, weakness, impairment of vision, dizzi- 
ness, dyspnea, nausea, and vomiting. Even slightly gassed persons require careful attention. 
In the zeal to provide them with fresh air, care should be taken to avoid cold air. 


METHEMOGLOBIN.—Methemoglobin is a derivative in which the iron is in the 
ferric state. It is produced by the oxidation of hemoglobin, as, for example, 
when potassium ferricyanide is added to blood. This is quite a different thing 
from oxygenated hemoglobin; i.e., oxyhemoglobin. In the latter the oxygen is 
united loosely with ferrous iron. In methemoglobin the iron is oxidized to the 
ferric condition, and, in fact, oxygen is liberated in this reaction, leaving the 
methemoglobin devoid of this gas. It should be noted that while hemoglobin 
may be oxidized to methemoglobin, oxyhemoglobin cannot be. Thus the follow- 
ing relationship may exist: 

Oxidation 
HbOs Fn a) ee GHD. eumen acoter AtariTE 
Oxygenation 


A small amount of methemoglobin develops very slowly in shed blood. Its 
reduction to hemoglobin also occurs spontaneously and this seems to be bound 


up with glycolytic reactions (see page 174) in the erythrocyte (Drabkin). After 


: 
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the administration of certain drugs or exposure to certain poisons, methemoglobin 
is likely to be present in circulating blood. These include chlorates, acetanilide, 
nitrites, nitrobenzene, antipyrine, iodine, phenacetin, sulfonal, trional, and, 
perhaps most important today, the sulfonamide drugs. Moreover, methemo- 
zlobin occurs in considerable amounts in the blood of certain individuals as a 
familial disease or inborn error of metabolism. In such eases, the methemoglobin 
is found only in the red cells, while methemoglobin resulting from poisoning 
is found in the plasma. Although methemoglobin is an oxidized substance, it 
does not carry oxygen as oxyhemoglobin does; hence hemoglobin, which has 
been changed to methemoglobin, is unable to function as a respiratory pig- 
ment. However, it slowly changes over to hemoglobin in the body. 

In some industries, poisons which cause methemoglobinemia are produced. 
Nitrobenzene is used in the manufacture of shoe dyes, floor polishes, cosmetics, 
and explosives. Workers in these industries may be acutely or chronically 
poisoned if nitrobenzene is absorbed in sufficient amounts, and in such eases 
methemoglobin is found to be present in the blood. The fumes from carbon 
ares contain NO which reacts with atmospheric oxygen to form NO,. If breathed 
in high concentrations, methemoglobin may be produced. Moving picture 
pperators are constantly exposed to this hazard, but it is believed to be of little 
danger because the projection booths are usually ventilated adequately. One of 
the methods of combating this state is to inject glucose or methylene blue intra- 
venously, which helps to reduce methemoglobin (Fe***) to hemoglobin (Fe**), 
the pigment thus becoming again available for oxygen transport. Another pro- 
edure is the administration of ascorbic acid, which also has a marked reducing 
etion (Carnrick). Methemoglobin, in alkaline solution, has an absorption 
pectrum quite similar to that of oxyhemoglobin, but in acid solution there is 

characteristic band, toward the red end of the spectrum, with its center 
t about 634 mp. 
' Other Derivatives of Hemoglobin.—Hydrogen sulfide reacts with hemo- 
lobin to give a compound having a characteristic absorption spectrum. 
HON and eyanides, however, do not react directly with hemoglobin but 
9 react with methemoglobin to form cyanmethemoglobin. The principal 
oxie action of the cyanides lies in their combination with cytochrome oxidase. 
See page 350.) Therefore the treatment of eyanide poisoning is based on the 
roduction of methemoglobin, in order to remove the cyanide from this im- 
ortant enzyme. Sodium nitrite and sodium thiosulfate are injected intra- 
enously. The former induces the production of methemoglobin, which 
uickly combines with the cyanide. Methemoglobin and cyanmethemoglobin, 
Ithough not useful respiratory pigments, are not in themselves toxic. Cyan- 
ethemoglobin is slowly converted to hemoglobin and cyanate, which is non- 
oxic. The sodium thiosulfate also reacts with cyanide, yielding thiocyanate, 
‘n innocuous salt, which is readily excreted. 
A different type of combination is that of hemoglobin with CO; to form 
arbhemoglobin, a carbamino compound. In this case the combination 1s with 
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the globin rather than with the heme. An NH, group is responsible in part, 


at least: 
HbNH, + CO, = HbNHCOOH 
Hemoglobin Carbhemoglobin 


This is a normal and constant physiological reaction and accounts for from 
2 to 10 per cent of the CO, transported by the blood. 


WHITE BLOOD CELLS 


The white blood cells, or leucocytes, are much fewer in number than the — 


red cells, and they have a lower specific gravity. Consequently, when whole 
blood is centrifuged they form a whitish layer above the red cells. Normally 
there are from 5000 to 10,000 per cubic millimeter. The different types and 
variations in number cannot be considered here. Suffice it to say that in leu- 
eemias and in many infections and inflammatory conditions they are greatly 
increased in number, while in typhoid fever and in some other abnormal states 
a leucopenia, i.e., a decreased number of white cells, develops. Since they are 
typical cells, they contain water, nucleoproteins, albumin, globulin, and other 
proteins, lipids (especially cholesterol and phospholipids as well as fat), glucose, 
and other soluble organie substances and inorganic salts. They also possess a 
great variety of enzymes, and, undoubtedly, hormones and vitamins. 


PLATELETS 


The blood platelets are also called thromboeytes and number about 200,000 
to 400,000 per cubic millimeter normally. Their numbers increase after hem- 
orrhage and decrease in some types of purpura (purple patches in the skin due 
to subcutaneous extravasation of blood). The origin of platelets is not well 
understood. Most authorities incline to the view that they are fragments of 
protoplasm broken off from the megakaryocytes (giant cells) of the bone mar- 
row. Others claim that they are pieces of damaged red cells and sometimes con- 
tain hemoglobin, although ordinarily they are colorless. The exact composition 
of platelets has not been determined, but they contain a considerable amount of 
phospholipid, most of it cephalin. There may also be protein and an enzyme 
present. On disintegration these substances are freed and one or more of them 
is involved in blood clotting. They agglutinate very readily and also have 
a vasoconstrictor action. Thus, when small vessels are injured, the ag- 
glutinated platelets tend to seal the leaking vessels and prevent further bleed- 
ing by vasoconstriction and by aiding clotting if the blood is actually shed. 


BLOOD COAGULATION 


The ultimate reaction in blood coagulation is the conversion of the soluble 


protein fibrinogen, present in colloidal solution, to the insoluble fibrin. This 
reaction, of course, does not oceur normally in cireulating blood, although 
most of the factors are present. It is also maintained that blood will i 
clot in a section of a blood vessel if the section is carefully tied off and re- 
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moved from the body. This indicates that the motion of the blood is not the 
cause of its continuing fluidity. This experiment, however, is only successful 
if the ligatures do not crush the vessel wall and thus prevent seepage of tissue 
juice into the ligated vessel segment. The addition of tissue juice induces 
intravascular coagulation. 


As mentioned previously, the coagulation may be prevented if ionized eal- 
cium is removed from blood, and the coagulating power is restored when these 
ions are again added in sufficient amount. The transformation of fibrinogen 
to fibrin is catalyzed by an enzyme ealled thrombin. Thrombin has its origin 
in prothrombin, from which it is derived by a complex activation process, in- 
volving the participation of a number of activators, including Ca**, found in 
the plasma, fixed tissues, and platelets. The activation of prothrombin may 
be inhibited by substances found in plasma and the fixed tissues. The enzyme 
thrombin survives for only a short time and is then inactivated by antithrom- 
bin. (See Fig. 23.) 


Prothrombin 


Activators Inhibitors 

Ca Heparin 
Thromboplastin Antithromboplastin 
Ae-globulin Other inhibitors 


Platelet derivatives 
Other activators 


Thrombin 
Fibrinogen ———> Fibrin 


Thrombin 





+ 
Antithrombin 


Inactive thrombin 


Fig. 23.—Outline of blood-coagulating mechanism. 


The chemistry of blood coagulation may thus be discussed in four major 
categories; namely, (1) the interaction of thrombin and fibrinogen, (2) pro- 
thrombin and its activation, (3) the inhibition of prothrombin activation, and 
(4) the neutralization of thrombin activity. Many procedures for ac- 
tivating, inactivating, and reactivating different parts of the coagulation 
mechanism have been devised, and the interpretation of these results 
has been the basis for theories and revisions of theories. The discovery 
of new factors has led to new names and, since some of these factors proved to 
be identical, there has resulted a confusion which is difficult to resolve. Many 
competent investigators have worked in this field, among them Howell, 
Morawitz, Wohlisch, Nolf, Copley, Jaques, Smith, Quick, Ferguson, Astrup, 
Owren, Seegers, Ware, Tocantins, Bordet, and Chargaff. The discussion below 
presents some of their conclusions, which represent one of the most fascinating 
perspectives in protein interactions. 

Fibrin Formation.—In the interaction of thrombin and fibrinogen the 
main alterations are with fibrinogen. It has a molecular weight of about 
340,000, an isoelectric point of pH 5.5, contains practically all the known 
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amino acids, and is normally found in plasma to the extent of 350 mg. per 
cent. In the presence of thrombin a fibrinopeptide of low molecular weight 


arises by cleavage of fibrinogen (Laki; Seegers). 


Thrombin : 
Fibrinogen ————>__ Fibrin and Fibrinopeptide 

This leaves a protein with uneven electric charge distribution and of dif- 
ferent sign on its architectural structure. These electrical charges function 
to align the molecules laterally and, end to end, to form the fibrin gel. The 
rate of the above reaction is inversely proportional to the thrombin concentra- 
tion. The fibrin so formed in laboratory experiments happens to be soluble 
in concentrated urea solution, whereas the fibrin of a natural blood clot is not. 
To change the urea-soluble clot to a urea-insoluble clot, caleium ions and a 
plasma globulin, called the fibrin stabilizing factor, are necessary. How these 
two substances function to produce such alterations in solubility is not known. 
The influence of calcium ions is also manifested by an increase in the rate of 
thrombin-fibrinogen interaction. This rate is also augmented by platelets, 
and the latter also play an important role in the phenomenon of clot retraction 
which is associated with the properties of fibrin. 


Returning for a moment to the interaction of purified fibrinogen and puri- 
fied thrombin in laboratory experiments, it is interesting to note that rela- 
tively large amounts of thrombin not only form a fibrin gel but in time the 
gel again dissolves. Fibrin may thus, under proper conditions, be a mere 
transition state of more extensive changes associated with thrombin. This 
thus represents thrombin as a special kind of proteolytic enzyme, and from 
that viewpoint it has been studied in connection with synthetie substrates. 
Furthermore, thrombin has been shown to produce changes in Ac-globulin, 
prothrombin, and platelets and can interact with a particular plasma protein 
to lose its own thrombin activity. This latter reaction is the antithrombin 
reaction and will be considered subsequently in greater detail as one of the 
major categories of the subject of blood coagulation. 

Activation of Prothrombin.—Prothrombin is present in blood plasma, pro- 
vided there is an adequate supply of vitamin K available for its synthesis by 
the liver. Prothrombin will not enable clotting to occur until changed into 
thrombin. Purified prothrombin was obtained by Seegers and associates, and 
their studies with purified materials have helped clarify many difficult uncer- 
tainties about this substance. Its normal concentration in plasma is from 10 to 
15 mg. per 100 ml. Purified material has a molecular weight of 62,700 and has 
the physical properties of an albumin, but the amino acid composition is wholly 
different, from that, of albumins. Its isoelectric point is near PH 4.2, at which 
point it 1s quite insoluble in water, The molecule is extremely sensitive to acids 
and alkalis and is unstable in solution. In 25 per cent sodium citrate solution, 
the molecule changes to thrombin autocatalytically. In addition to thrombin, at 
least two other degradation products are found, including one rich in earho- 
hydrate. Besides being an interesting observation in protein chemistry, the 
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autocatalytic activation of prothrombin established the fundamental fact that 
prothrombin in itself possesses the necessary materials from which thrombin 
may be obtained. This basic concept serves as a guide in considering the many 
activators of prothrombin found in nature. Some of these may now be con- 
sidered, even though their chemical action is not known. It is known only that 
some of them are essential in the normal physiology of hemostasis and that 
sertain combinations of these activators produce thrombin rapidly, while 
other combinations enable prothrombin to activate only slowly. The ‘‘old’’ 
diagrams of blood coagulation theories commonly found are now known to be 
wholly inadequate, even though the chemical work has not advanced far 
enough for correct representations. It seems safe to predict that no one dia- 
gram or proposed mechanism can encompass the vast fund of knowledge which 
is so rapidly accumulating about these substances. 

Calcium.— Calcium ions are required, and normal plasma contains about 10 
mg. per cent of calcium, about half of which is ionized. This is approximately 
the optimal concentration for coagulation. Even in severe tetany with extremely 
low blood-calcium concentrations the calcium level is sufficiently high for clotting. 
Thus the body always has sufficient calcium present for the formation of throm- 
bin, and attempts to improve clotting conditions therapeutically by raising the 
blood calcium level have been of little value. 

Thromboplastin.—This is a term applied to activators of prothrombin de- 
rived from fixed tissues such as muscle, lung, and brain. In brain the active 
material becomes concentrated in crude cephalin fractions, and in subfractions 
it is associated with phosphatidylserine. In preparations from saline extracts 
f ground lung tissue the activity resides in a complex protein, perhaps most 
ppropriately referred to as a large lipoprotein (Chargaff). Together with 
ealcium alone these substances do not activate purified prothrombin rapidly. 
Ac-Globulin.—This protein is found in plasma in trace quantities and 
plays an important role in the activation of prothrombin. Although powerful 
concentrates have been prepared in the laboratory, it has not been obtained in 
ufficient purity for chemical study. A small amount of thrombin greatly 
changes the properties of Ac-globulin so that it becomes an accelerator of pro- 
thrombin activation (Ware, 1947). This change has been represented as fol- 


lows: 












Thrombin 
Plasma Ac-globulin ——————~> Serum Ae-globulin 


The nature of the change of plasma Ae-globulin to serum Ac-globulin is 
not known. It is, however, clear that an excess of thrombin is associated with 
the change and ultimate disappearance of serum Ac-globulin activity. In 
human serum, Ac-globulin is stable for only a matter of minutes, so that serum 
is practically devoid of Ac-globulin activity. (Murphy and Seegers.) In 
oxalated human plasma stored as commonly done in a blood bank, plasma 
Ac-globulin is not stable. With citrate as anticoagulant the activity remains 
for a few days. The fundamental reason for the greater stability in citrated 


plasma as compared with oxalated plasma is not known. It could be on the 
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basis of oxidation mechanisms, since oxygen bubbled through plasma samples. 
tends to destroy Ac-globulin activity. When Ac-globulin is absent from the 
blood there is a bleeding tendency and the patient is said to have parahemo- 
philia in accordance with the suggestion of Owren, who first described and 
studied the disease in detail. 

Hemophilia Factor of Plasma.—The importance of this substance in the 
normal activation of prothrombin is plainly displayed in some persons in whom 
. clotting does not occur at the normal rate. The condition is called hemophilia 
and the sufferers from it are termed ‘‘hemophiliacs”’ or, commonly, ‘‘bleeders.”’ 
Hemophiliacs must be extremely careful not to experience even very minor 
wounds and injuries since these may result in severe and even fatal hemor- 
rhages. The cause of the incoagulability of the blood in hemophilia is not 
known. Apparently all the clotting factors are present, but there is a delay 
in the formation of thrombin. One explanation is that the equilibrium of co- 
agulant and anticoagulant substances, or their release into circulation, is dis-. 
turbed. There may be still some other component of plasma lacking which has 
not yet been identified. In favor of this explanation is the fact that normal 
human plasma globulin, when added to hemophilie blood or when injected 
intravenously, brings about normal coagulation. The assumption is that this 
unidentified factor is associated with the globulins. Consequently transfusion 
of blood from a normal individual into a hemophiliae is sometimes indicated. 
Another hypothesis is based on the work of Tocantins. He has demonstrated 
that thromboplastin is destroyed or inactivated when ineubated with normal 
plasma and that this inactivation is much more marked if hemophilie blood 
plasma is employed. If this is the case, thromboplastin is destroyed rapidly 
in hemophilia and not enough can accumulate to enable coagulation to oceur. 


In work concerned with the activation of purified prothrombin it has 
been shown that the plasma globulin, studied by many, can be prepared in 
concentrated form and, together with platelets and calcium, it activates pro- 
thrombin rapidly. This globulin is apparently also in hemophilia plasma but 
is probably masked by the antithromboplastin substance of Tocantins. Ether 
extraction of hemophilia plasma makes its capacity to activate purified pro- 
thrombin equivalent to that of normal plasma. 

Plasma Thromboplastin Component.— Patients with a deficiency of this 
plasma factor have a bleeding tendeney quite like classical hemophilia; how- 
ever, when their blood is mixed with that of the hemophiliae, they mutually 
correct the clotting defects. This component of plasma can be adsorbed on 
substances like BaSO,. Its mechanism of action in the activation of pro- 
thrombin is not known. The indications are that it is connected with platelet 
activity. 

Other Activators of Prothrombin. 
described. It also is said to be associ 
protein. This substance hag been ¢ 


—Another bleeding tendeney has been 
ated with lack of an important plasma 
‘ alled by various names such as proeon- 
vertin, stable conversion factor, co-thromboplastin, factor VII, SPCA, ete. 


Some believe that it may be regarded as a derivative or even a precursor of 


BLOOD 189 


othrombin. Like prothrombin, it is believed to require vitamin K for its 
ysiological production, and Dicumarol decreases its concentration in plasma. 
is not found in the most active preparations of purified prothrombin. 


Platelets When platelets alone or platelets and calcium ions are added 
solutions of purified prothrombin, thrombin is not produced. At least one 
her substance must be added. As already mentioned above, this may be 
om plasma or the fixed tissues. One of the substances of platelets functions 
somewhat the same way as serum Ac-globulin and has, therefore, been re- 
rred to by the term platelet AcG. It seems likely that another substance 
present in platelets, since certain patients have platelets that are not eap- 
le of participating in the activation of purified prothrombin in the same 
ay as normal platelets. 4 


Neutralization of Thrombin.—The antithrombin of plasma is also found 
abundance in serum and is presumably a protein whose activity can be re- 
oved by ether extraction. It can destroy all the thrombin activity derived 
om prothrombin, and even thereafter much antithrombin remains in serum. 
his is remarkable because there is potentially 150 times more thrombin avail- 
yle from the prothrombin in 1 ml. of plasma than is needed to clot an equal 
lume of blood in 15 seconds. It has been suggested that antithrombin is 
sociated with lipoprotein fractions of plasma, but thus far antithrombin 
1s not been obtained in pure form. In addition to the antithrombin activity 
' plasma, a small amount of thrombin disappears by adsorption on fibrin. 
urthermore, during the activation of prothrombin, another substance is pro- 
ced which is concerned with the neutralization of thrombin activity. This 
evidently different from antithrombin, which is present before coagulation 
gins. This latter observation is of recent origin and has not been studied 
tensively as yet. 

The natural antithrombin activity of plasma is destroyed by ether extrac- 
n. After that there still remains the antithrombin-like activity attributable 
heparin; i.e., heparin and a plasma co-factor together inhibit the action of 
rombin. Thrombin, as a molecule, is apparently not altered by this mech- 
ism, which is probably an interference phenomenon. Heparin alone is un- 
le to function in this way and the exact nature of the eo-factor of plasma is 
t known other than that it is a large molecule and presumably a protein. 
e may then account for the suppression of thrombin activity on the basis 





four mechanisms. 


(1) Some thrombin is adsorbed on fibrin. 

(2) A factor in plasma neutralizes thrombin activity. 

(3) Heparin and a plasma eo-factor interfere with the interaction of 
thrombin and fibrinogen. 

(4) During the activation of prothrombin, the antithrombin activity of 


plasma is greatly augmented. 


Sequence of Events.—No one has as yet been able to set down the sequence 
events in the activation of prothrombin, and with our present knowledge 
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that is not possible. Nevertheless, a valuable concept can be conveyed b 
presenting some of the most likely possibilities as follows: 


Cat* 

Thromboplastin 

Platelet AcG ; 
(1) Prothrombin —————————> Thrombin q 


Thrombin 
(2) Plasma Ac-globulin ——————> Serum Ac-globulin 


Catt 

Thromboplastin 

Platelet AcG 

Serum AcG , 
(3) Prothrombin §=—————__—____ Thrombin 


Thrombin ; 
(4) Prothrombin ———————>_ Thrombin 


Cat*+ 
Platelets 
Platelet Co-factors 
Other activators 
(5) Prothrombin ——-—_» Thrombin 


Thrombin : 
(6) Fibrinogen -—————-» Fibrin + Fibrinopeptide 
Ca** 
Fibrin stabilizing factor 
(7) Fibrin ——————___________y, Fjprin clot 


Thrombin 
(8) Serum Ac-globulin ——————_» [Inactive Ac-globulin 


(9) Thrombin + Antithrombin ———————» Inactive thrombin 


These events are so complex that it is plain to be seen that this is capable 
of enormous variation from the quantitative point of view. The first equation | 
is probably a slow reaction. Later there is great acceleration, as, for example, — 
when active Ac-globulin is presumed to have formed. All the equations repre- 
sent to a greater, and then to a lesser, extent active events occurring at the 
same time. The clot one sees is more or less incidental to the wonderful inter- 
play which may last for an hour or so. Note that inhibitors are disregarded 
in the above presentation. 


Inhibitors of Prothrombin Activation.— 


Hepartn.—The concept of inhibitors of prothrombin activation was intro- 
duced by Howell, and heparin is perhaps the best known of this group of — 
substances. This anticoagulant is a mucoitin sulfuric acid. The amino sugar — 
is glucosamine, and the uronic acid is glucuronic acid. If it is present in nor- 
mal blood, it must be in small amounts. On the other hand, it is abundantly 
present in the mast cells, from which it is released under special circumstances, 
such as anaphalactie shock and ““peptone shock.’’ | 

It acts as a powerful anticoagulant in conjunction with a co-factor pre- 
sumed to be a plasma protein. This co-factor is required, for heparin alone — 
does not inhibit the activation of purified prothrombin. It may be recalled 
from the preceding remarks that heparin also requires a co-factor to act as an 
antithrombin. Whether the two co-factors are the same is not known. 
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ANTITHROMBOPLASTIN.—This substance was first studied by Tocantins who 

is connected it with the problem of hemophilia. It is apparently a lipid that 
quite generally distributed in tissues as well as in plasma. Its exact mech- 

usm of action is not known. 

Consideration may now be given the reasons for the action of the various 
agulation preventives. Whipping, or defibrinating, blood really causes coagu- 
tion around a foreign object and therefore is not a method of preventing co- 
rulation. Oxalates, citrates, and fluorides, of course, take calcium ions out of 
ution. The action of heparin has been discussed above. Bile salts are in- 
ibitors of thromboplastin. Both heparin and hirudin prevent blood coagulation 
| vivo as well as in vitro. Polypeptides (‘‘peptones’’), however, act as anti- 
agulants only after injection into the living animal. They apparently stimu- 
te the production of heparin by the body. The use of paraffined cannulas and 
sceiving vessels and the application of cold seem to owe their virtues as pre- 
entives of coagulation to the fact that they tend to slow down the activation of 
rothrombin to thrombin by thromboplastin. The reason why the blood in a sec- 
on of a carefully doubly ligated blood vessel does not coagulate is that no throm- 
oplastin has been released. If some damage to the integrity of the vessel wall is 
one by the ligature or by the action of bacteria, thromboplastin will be produeed 
r will enter the segment from the walls and the surrounding matrix of the in- 
ared vessel, and coagulation will ensue. Platelets clump or clot around the in- 
ary and then disintegrate and serve as coagulation centers. This agglutination 
f platelets does not depend upon fibrin formation and is mainly brought about 
y globulins. (Copley.) These platelet agglutinant factors are present in tis- 
e juice, and thus the agglutination of platelets at the site of vascular injury 
n be explained. 

Clotting Time, Bleeding Time, and Prothrombin Time.—Clotting time, 
eeding time, and prothrombin time are determined in clinical laboratories 

aid in diagnosis or to ascertain the state of the blood prior to surgical opera- 
ons. Several methods are available for each. For clotting time, one method em- 
oys fine capillary glass tubes. These are filled from a large drop of blood 
hich has exuded from a deep cut in the skin. At short intervals, pieces are 
oken off and the moment of coagulation is evidenced by the appearance of 
thread of fibrin between the fragments as they are slowly separated. This 
st, although still popular, cannot be recommended because the admixture of 
ssue juice may accelerate considerably the coagulation time of whole blood. A 
ew test for blood coagulability is based on the phenomenon that the coagulation 
me of whole blood may be delayed by dilution with physiologic saline. 
opley and Houlihan.) The blood sample is drawn into a syringe after about 
ml. of blood have been taken into another syringe and discarded, in order to 
elude admixture of tissue juice. The blood is discharged into a beaker. 
ow 1 ml. is pipetted into an empty tube, and another milliliter into a tube 
the same size containing 1 ml. of physiological saline. After mixing this 
per cent blood in saline sample, serial dilution is earried out twice more, 
re being taken to avoid bubble formation. These blood saline samples are incu- 
ted at 37°C. and the time of gelation is noted. Hypercoagulability is estab- 
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lished if all blood concentrations (100, 50, 25, 12.5 per cent) have short 
agulation times, which approximate that of the 100 per cent concentration, 
Hypocoagulability can be manifested even though the 100 per cent blood concen- 
tration is within normal limits. In that ease the 50 or 25 per cent blood concen- 
tration would exhibit markedly prolonged coagulation times. If bleeding time is 
desired, the blood exuding from the cut is removed at ten- to fifteen-second inter- 
vals by touching the cut with filter paper. When no spot of blood is seen on 
the paper, bleeding has stopped; the time is noted, and this is called the bleed- 
ing time. A better controlled bleeding time test was developed by Copley and 
Lalich. After infliction of a standard-sized wound, in the end phalanx of 
a finger, the emerging blood is allowed to flow freely into physiological saline 
kept at a constant temperature of 37.5° C. The bleeding time is noted with a 
stop watch from the instant of infliction of the wound until bleeding has stopped. 
Prothrombin time is an indirect and inverse measure of the amount of prothrom- 
bin present in blood; ie., an increased prothrombin time means a lower level 
of prothrombin. In the method of Quick, blood is oxalated and centrifuged 
under standard conditions. To the oxalated plasma is added an excess of 
thromboplastin (usually an emulsion of rabbit’s brain) and then CaCl.. The 
time required for clotting to oceur after the addition of the CaCl. is taken as 
the prothrombin time. 

Coagulation time of whole human blood is normally from two to ten min- 
utes at 37° C., depending upon the volume and size of the blood vessel. In- 
crease in coagulation time, or bleeding time, may be due to diminution in the 
amount of any one of the diversified clotting factors, but bleeding time in- 
volves not only these, but also the amount of platelet agglutinant substance 
present in the cut tissues. The bleeding time is terminated primarily by a 
platelet agglutination thrombus, This clot may be mixed with a coagulation 
thrombus, in whieh fibrin may have precipitated or in which the blood has 
gelated. This clot, which was designated as wound thrombus, is actually a 
clot which seals numerous capillary vessel wounds. Moreover, in bleeding 
time determinations, the character of the clot plays a role, since a poorly 
adherent clot will be washed away by the flow of blood as rapidly as it is 
formed. In determining coagulation time the character of the clot is not 
noted—merely the time required to form any clot. By the prothrombin time 
technique, since an excess of thromboplastin and ealeium ions are added and 
fibrinogen is always present, about the only variable is prothrombin. 

There is little relationship among these determinations. The one con 
dition in which coagulation time is prolonged is hemophilia. Therefore a nor- 
mal coagulation time is not of much significance, while an increased one is. In 
hemophilia, the bleeding time is usually not prolonged. Tn purpuras, on the 
other hand, bleeding time is usually lengthened. Prothrombin time is gener 
ally normal in hemophilia, in the purpuras, and in many types of jaundice, — 
but in obstructive jaundice and in conditions of marked involvement of the 
liver there is a low prothrombin level. Hemorrhage in the newborn infant and 
conditions leading to a diminished absorption of vitamin K also have lengthened 
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thrombin time. When the concentration of prothrombin \galls below 30 
* cent of normal, the prothrombin time rises above twenty, seconds, but 
tting time is likely to remain normal until the prothrombin falls below 20 
>cent of normal. This is why a patient with obstructive jaundice may have 
‘mal clotting time before an operation and suddenly have uncontrollable 
norrhages after the operation. 

Retraction Time.—After normal blood clots, the clot contracts or ‘‘retracts’’ and 
arates from the fluid serum. This retraction is also termed syneresis. The time required 
this to occur can be measured and is called ‘‘clot retraction time.’’? Normally this begins 
hin a few minutes to an hour or two and is completed in from eighteen to twenty-four 
rs. For this determination 2 or 3 ml. of blood are drawn into a test tube and are in- 
ated at 37° C. It is observed at hourly intervals and the time noted when complete re- 
stion has occurred. In certain types of purpura the clot remains bulky and does not re- 
st even after several days. In hemophilia, the clot, if it does form, has normal retractility. 
» rate of retraction may depend upon the number of platelets present but this is still a 
ter of controversy. 


Thrombi and Emboli.—Despite the intricate mechanism which nature has 
vised to prevent blood from clotting until it is shed, this sometimes fails 
1 clotting does occur within the blood vessels. Such intravascular clots, 
led thrombi, may arise if the blood vessel is damaged or if platelets or red 
od cells agglutinate. A local excess of thromboplastin may thus arise from 
b tissue fluid of the vessel wall. Platelets are agglutinated by tissue juice. 
ch platelet agglutination thrombi may serve as coagulation centers and initi- 
| fibrin formation and blood gelation. A diminution in the rate of blood flow, 
other conditions, may contribute to thrombus formation, A thrombus may 
pletely block a vessel at first, but as syneresis occurs, the retraction may per- 
the flow of blood past the clot. If the clot is not detached, it may eventually 
organized or absorbed, with no harm resulting. However, if it is detached 
is swept to some other location, it becomes an embolus. Emboli are often 
gerous and even fatal, depending upon the site of the obstruction, the 
sels of the heart and brain being particularly important from this stand- 
nt. The administration of heparin or Dicumarol clinically to prevent throm- 
is is a recent development. It appears to lower the incidence of thrombosis 
er operative procedures. In certain types of vascular surgery heparin is ex- 
ely useful. 
Oral administration of heparin is ineffective. It must be given parenter- 
and, because of the transient effect of single doses, it may be given either by 
ans of a continuous intravenous drip or intramuscularly. This results 
the maintenance of a lengthened coagulation time. Heparin has been 
stallized and no toxie effects have been experienced with the purified 
stalline material. The great danger is the possibility of hemorrhage dur- 

an extreme prolongation of the coagulation time. Since heparin is 
ensive and must be given parenterally, Dicumarol, which is inexpensive 
ean be given orally, represents a great advance. When given by mouth, 
when the sodium salt is injected intravenously, it prolongs the prothrombin 
ffect is slow, requiring from one to three days after the start of 
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treatment, and frequent determinations of prothrombin time must be ma 
in order to control the dosage correctly. Some individuals are more resistani 
and some more susceptible to this drug. 

The ‘‘hemorrhagic disease’’ of cattle was found to be due to the ingestion of spoi 


sweet clover hay in 1922. In 1940-1941 Link and his associates isolated the causative agen 
Dicumarol, identified it, and synthesized it. Its formula is: 


OH OH 
| | 
‘ H G 
~~ 
C C 








Dicumarol 
3,3’ methylenebis (4-hydroxycoumarin) 


[t is a colorless crystalline solid, almost insoluble in water, acids, and in most organic solvents, 
It forms soluble salts with strong alkalies. In spite of its insolubility in water, it is readily 
absorbed from the gastrointestinal tract. It has no effect on blood clotting in vitro, and the 
mechanism of its action is unknown. However, its action is antagonized by vitamin K and! 
therefore it is suggested that it inhibits vitamin K and thus either depresses the synthesis of 
prothrombin or an altered prothrombin is synthesized. 


Lysis of Blood Clots.—Although clots are quite stable, they can be re 
moved or dissolved very slowly. The mechanism involved bears some re 
semblance to the clotting mechanism. A substance in plasma ealled “Dror 
fibrinolysin’’ is activated by ‘‘fibrinokinase,’’ present in many tissues. The: 
resulting agent is an enzyme, ‘‘fibrinolysin,’’ or ‘‘plasmin,’’ which ean dissolve: 
fibrin. Fibrinokinases have also been obtained from certain bacteria. Ac. 
cording to Astrup and co-workers, two proenzymes seem to be present in hu-- 
man plasma, one of which is activated by fibrinokinase and the other by’ 
streptokinase. Fibrinolysin ean be inactivated by normal plasma. The anti-- 


fibrinolysin, which causes this inactivation, is increased in amount in various + 
pathological conditions. a 


ANEMIAS ; 


A 

Those conditions in which the number of red cells or the amount of hemo-- 
globin is reduced below normal are termed ‘‘anemias.’’ There are a number* 
of types of anemias which can only be briefly considered here. Anemias are’ 
due to (1) loss of blood, (2) destruction of blood, or (3) defective formations 
of blood. The first group includes acute and chronic hemorrhage. Destrue-- 
tion of red cells is brought about by hemolytic poisons, which may be of bae-- 
terial or metabolie origin, a result of jaundice, or due to the absorption of 


industrial poisons. Anemias of the third group inelude hypochromie anemias 
pernicious anemia, and aplastie anemias. 


A hypochromie anemia, i.e., one in which r 
globin than normal, may be experiment 
them exclusively on milk, The lack of 






ed blood cells contain less hemo- 
ally induced in animals by feeding 
iron and copper in this food is un 
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oubtedly the cause of this condition, for otherwise milk is a superior food. 
imilarly in man an iron-deficient diet may give rise to an anemia (‘‘hypo- 
iromic’’ anemia), in which the hemoglobin content of the blood is reduced 
) a greater extent than the number of red cells. The cells not only contain 
ss hemoglobin, but may also be reduced in size. A similar anemia of infants 
not uncommon. As stated before, the infant comes into the world with a 
ch store of iron. However, this store is accumulated toward the latter part 
- gestation. Hence a prematurely born baby may not have enough iron to 
de him over the period during which the diet is exclusively milk, and anemia 
ay result. In young women anemias may occur due to a combined effect of 
alnutrition and menstrual bleeding. This type, called chlorosis, is not as com- 
on now as it formerly was. Other conditions in which hypochromiec anemias 
metimes develop are pregnancy and various infectious diseases. Hypo- 
1romic anemias are treated mainly by the administration of inorganic iron. 

Pernicious anemia is due to an inability to form red blood cells, not to 
1y difficulty in synthesizing hemoglobin. There results a great diminution 
| the number of red cells and consequently in the percentage of hemoglobin. 
he color index, however, is high and the blood picture is quite abnormal. (See 
ange 590.) The red bone marrow is greatly increased in volume, displacing the 
pllow marrow and sometimes even invading the true osseous tissue. This greater 
mount of unused hemoglobin causes a rise in iron and bilirubin in blood 
lasma, the latter apparently in the colloidal state, since an indirect van den 
ergh reaction is observable. There is invariably a lack of HCl in the gastric 
ice, a fact of great importance in aiding in diagnosis and of interest in 
plaining the mechanism of the condition. 

As might be expected, administration of iron salts to patients with this 
sease is of no avail. The treatment is based on the results of brilliant ex- 
rimental work of a number of investigators. The first step was the work of 
hipple and his co-workers. They produced a severe anemia in dogs by 
peated bleedings and studied the influence of diet upon blood regeneration. 
was discovered that beef liver was the most effective food in this respect. 
is led Minot and Murphy to administer liver in large amounts to patients 
th pernicious anemia and they noted remarkable improvement. Liver may 
t only be fed, but preparations are also available for parenteral injection. 

In following the effect of treatment, the physician observes the proportion 

reticulated red cells in the blood. These ‘‘reticulocytes’’ are formed by 
er-stimulated marrow and are so-called because their protoplasm shows a 
lieate network or reticulum which stains with basic dyes. They represent 
mature stages of development of the erythrocytes, and their numbers furnish 

index of the rapidity of blood regeneration. This index enabled Castle 
d colleagues to estimate the curative influence of a number of preparations, 
d this work threw light upon the mechanism of the action of liver. These 
periments were performed on patients with pernicious anemia. Raw lean 
ef fed to patients with pernicious anemia had no effect on the anemia. How- 
er, when raw beef digested with normal human gastric juice was adminis- 
ed to the patient through a stomach tube, the effect was eomparable to 








196 HUMAN BIOCHEMISTRY 


feeding liver. Gastric juice alone had no beneficial effect. These and other 
experiments seemed to indicate that normal gastric Juice contains a factor, 
termed the ‘‘intrinsie’’ factor, which reacts with the ‘‘extrinsic’’ factor, found 
in foods, to produce the antianemia or hemopoietic principle. This may be 
linked to the fact that another symptom of pernicious anemia is a lack of 
both HCl and pepsin in the gastric juice due to atrophy or degeneration of 
the fundie portion of the gastric mucosa. It is known that this portion of the 
stomach which atrophies in pernicious anemia normally produces the intrinsie¢ 
factor. The intrinsic factor is thermolabile and is considered by Glass to be 
the ‘‘glandular mucoprotein’’ of the gastric juice, or a substance closely re- 
lated to it. The extrinsic factor is found in various foods, notably beef rusele, 
beef heart, rice polishings, and wheat germ. It is thermostable and is con- 
sidered to be identical with vitamin By». 

Vitamin B,. is far more effective when given parenterally than by mouth, 
unless normal human gastric juice is also administered orally. Therefore, it 
is believed that the intrinsic factor either facilitates the absorption of vitamin- 
Bis, or in some way increases the activity of the vitamin or protects it from 
destruction. Furthermore, it is possible that there may be no ‘‘antianemi¢ 
factor’’ formed in the liver by the interaction of the extrinsic and intrinsi¢e 
factors but that vitamin B,, may be the effective antianemic principle through 
its effect in converting folic acid to folinie acid, and the intrinsie factor (in 
gastric juice) is necessary for its absorption. (See also pages 300-304.) It 
must be remembered that in the production of red blood cells, there is the 
further need of the required amino acids, iron, and copper. The vitamin is 
highly effective for relieving not only the hematological symptoms, but also 
the lingual and neurological symptoms. This is not true of ‘‘folie acid,’’ the 
vitamin which was used before B,. was discovered, and which benefits only the 
anemic phase. Pteroylglutamie acid (folie acid), however, is very efficacious 
in the treatment of the anemic phase of pernicious anemia and of the macro- 
cytic anemias of pellagra, of pregnancy, and of sprue. They are nutritional 
in origin, in part at least, and thus constitute a group of anemias not amenable 
to treatment with iron. 

Sickle-cell anemia is an interesting condition which appears to be of a 
hereditary nature. It occurs only in the Negro race. About 8 per cent of 
American Negroes have the ‘‘sickle-cell trait,’ but only about 1 in 40 of these 
develop the severe chronic anemia. In this disease the erythrocytes undergo 
reversible changes in shape to crescent and other forms in response to varia- 
tions in the partial pressure of oxygen. Pauling has shown that this is due to 
an abnormality of the hemoglobin itself, located in the globin portion of the 
molecule. Those individuals who have the trait, but not the anemia, possess” 
some of this abnormal and some of the normal hemoglobin. 5 


BLOOD TRANSFUSION AND BLOOD SUBSTITUTION | 


Loss of blood as a result of hemorrhage or shock is treated by blood trans- 
|! usion, or by the injection of a substitute for blood. Great activity was shown 
in this field even before World War II, and it has redoubled since. Blood 
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ransfusion, or infusion of a substitute, sometimes preceded by the removal 
of blood, has been used in a number of conditions other than hemorrhage and 
shock. In general, the purpose is to restore blood volume, to increase the 
-olloidal osmotic pressure, or to provide nutritive or immunological factors. 

Whole blood, either citrated or heparinized, is, of course, the material 
nost approved, being most physiological. Care must be taken that the blood 
used is suitable. Not only must the donor be a healthy human being, but the 
blood must be compatible with that of the recipient. 


Blood Groups.—It is well known, even to laymen, that all human blood is not alike, but 
that four different major types or groups exist, and that transfusion of blood of one type into 
an individual whose blood is of a different type may have dire results. We owe much of our 
<nowledge of blood grouping to Landsteiner and his co-workers. In human red blood cells 
shere occur two possible major antigens, which are proteins. In the serum there may be two 
»ossible corresponding antibodies, which are also proteins—modified serum globulins. If cells 
containing one of these antigens are suspended in serum containing the corresponding anti- 
body, the antibody unites with the antigen, and as a result the red cells agglutinate at first 
ud then may undergo lysis. If such a reaction were to take place between the cells and serum 
9f an individual’s own blood flowing through his blood vessels, it would be incompatible with 
ife. Therefore, it is obvious that no one can have in his serum antibodies which correspond 
to the antigens in his own red cells. If antigen and antibody are not specific for each other 
(i.e., do not correspond), they will never combine and, therefore, can exist in the same indi- 
vidual without any ill effect. Of the two major antigens and antibodies which occur in human 
plood, there are four possible combinations which can exist without reactions, and all four do 
pxist in man. They represent the four major blood groups, which are usually designated as 
Groups A, B, AB, and O, In addition to these major groups, certain subgroups are known 
fo occur. The composition of the blood of these major groups is as follows: 





BLOOD GROUP ANTIGENS IN CELL ANTIBODIES IN SERUM 
A A b 
B B a 
AB A and B = 
O - a and b 














erum of Group A will agglutinate corpuscles of Groups B and AB; Group B serum will 
gglutinate Group A and Group AB corpuscles; Group AB serum will not agglutinate corpus- 
les of any group; and Group O serum will agglutinate corpuscles of all other groups. 


Because of these differences in antigen and antibody content of the blood, and the re- 
etions which occur between them, an individual can safely receive by transfusion only those 
ypes of blood which will not react with his own. Before a transfusion is given, a cross- 
atching of the bloods must always be done; i.e., a testing for possible agglutination between 
atient’s cells or serum and donor’s serum or cells. If any agglutination takes place, the 
loods are ‘‘incompatible.’’ 

To determine the blood group of a person, samples of his red cells are mixed with 
amples of known Group A serum and known Group B serum, and the mixtures are observed 
or agglutination. By the reactions which occur, any blood group can be identified. Blood 
ypes are hereditary, and therefore can sometimes be used as a basis for determining the 
aternity of an individual. Also of value in this connection are certain other antigens which 
ave recently been recognized in red blood corpuscles, the M and N antigens. All people have, 

addition to the antigens mentioned above, either the M or N antigens or both (MN). For 
hese antigens there are no corresponding antibodies which occur naturally in the serum. 
uch antibodies can, however, be induced to form in rabbits by injecting them with human 
ed cells known to contain either the M or N antigen. The antibody will appear in the rab- 


If the serum is removed from the animal and mixed with human cells con- 


it’s serum. 
Thus this serum, contain- 


aining the corresponding antigen, it will agglutinate those cells. 
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ing known M or known N antibodies, can be used to detect the presence of M or N antigens 
in human cells. A third group of antigens known as the Rh factors is also present in the cells 
of about 89 per cent of human beings. For these factors, again, there are no naturally oe- 


curring antibodies in the serum, but they can be produced in animals, or in man, under certain 
: 


circumstances. All of these various groups of antigens are hereditary, and the several groups 
are transmitted independently of one another. Consequently there are actually several hun- 
dred possible combinations of them in human blood cells. The presence of any of the anti- 
gens can be detected by mixing the cells with serum containing known antibodies. In attempt- 
ing to determine the possible paternity of a child, use is made of all of these antigens. 


The Rh factor is important in another respect. Although there are no naturally occur-— 
ring antibodies for this antigen, if Rh-positive cells are transfused into an Rh-negative in- 
dividual (one whose cells contain no Rh antigen), antibodies may form in the recipient as i? 
result of the transfusion. Then later transfusions of Rh-positive blood into this same person 
may give rise to reactions. Similarly, an Rh-positive fetus developing in an Rh-negative 
mother may also result in the formation of Rh antibodies in the mother. In subsequent preg- 
nancies these Rh antibodies of the mother, by passing into the blood of an Rh-positive fetus, 
may give rise to severe blood reactions in the child, a condition known as erythroblastosis 


fetalis. 


Substitutes for whole blood inelude saline solutions, foreign colloids, and 
plasma or fractions of plasma. The injection of isotonic sodium chloride, or 
mixtures of salts such as Ringer’s or Locke’s solution, is of little value in 
restoring blood volume, since the salts diffuse freely and consequently the 
fluid is quickly lost. However, in cases of dehydration, in which the blood 
becomes concentrated through loss of water,* such solutions may be given 
and are more likely to be retained. Of the foreign colloids tested, the best is 
said to be dextran, with gelatin next, then acacia, and last Periston (poly-— 
vinylpyrrolidone). (Knutson.) None of them is entirely satisfactory as a blood 
substitute and sometimes severe reactions follow their use. As regards 
plasma or fractions of plasma, one would expect that serum would be the best 
blood substitute since no anticoagulant need be added to it. This is not the 
case, however. Blood serum frequently produces marked reactions and is not 
generally used for this purpose. Serum albumin has lately been tested and 
promises to be a very useful agent. It makes up about 62 per cent of the 
ne Cae cad nent af a sh of the colloidal osmotic pressure 
form. A unit volume of about 100.1 ‘i r par ape ee 3 peer 
ies. den ror pay ae oH . con ay about 25 grams of albumin 1s 

smot juivalent of 500 ml. of plasma. : 


Blood plasma has proved to be the most practical blood substitute and, 
in fact. 1s more effective than whole blood in most conditions of loss of blogs 
fluid—not, of course, if there is loss of whole blood. Blood of normal human 
beings is collected, citrated, and pooled, all under rigidly aseptic precautions : 
[t is then centrifuged at from 2 to 4° C. and the plasma from a large nue : 
of bleedings is pooled. (The red blood cells, it has recently been found may 
be used as material for Surgical dressing of wounds.) The plasma ep be 

preserved in the liquid condition, if properly refrigerated, or it may be Poa 


*The degree of ninatt 
This is simply a eraidated tube of blood may be determined by means of the h tocrit 
mark and centrifiuged und tube of small bore, which is filled with oxalated blood t ree Ani : 
plaama may then. pe rear a siandardiged sper ten ae The volumes of formed elenehes an 
: : sand ban y. 1e relative si P re : 3 
also be computed if a blood count is made on the ate eee Sverees -corpuscle presenta 
a £ ‘ 
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r dried. The modern method of drying is the most practical and most widely 
sed. It consists of rapidly freezing the plasma in rotating bottles. This fixes 
he solid plasma as a shell. It is then dried, while frozen, under greatly re- 
uced pressure. This is called the lyophile process. Other biological products 
_° been preserved similarly. Such desiccated plasma may keep for years. 
he proteins are not denatured to any great extent and the immunological 
roperties are essentially unchanged. The mixing of the plasma from many 
idividuals obviates the necessity of considering types of donors and recipi- 
nts. The reasons for this are (1) that pooling causes a dilution of the various 
pecific agglutinins, and therefore the agglutinating power is much weaker, and 
2) that no red cells are present in the plasma, which might be agglutinated, 
- the plasma of the recipient is incompatible. The lyophilized dry flaky 
lasma is kept in sterile containers under vacuum until needed. All that is 
ecessary for use is the addition of the required amount of sterile distilled 
rater. The containers are so arranged that they can be easily manipulated. 

Great progress has been made by Cohn and associates in fractionating the 
roteins of plasma so that they may be studied and put to clinical use. The 
1ethods of separation are based on complex physico-chemical principles. For 
xample, some proteins form dissociable complexes with each other, with smaller 
ipolar ions, with complex organic molecules, or with certain heavy metal 
nd alkali earth ions. These characteristics aid in fractionation procedures. 
furthermore, small amounts of ethanol lead to considerable differences in 
plubility of proteins. By utilizing these properties, there have been separated 
rom human plasma a series of protein products, each a stable white powder 
sponsible for a different natural function. The fractions, with their -uses, 
elude: 





1. Albumin, which is being used instead of dried whole plasma 
for the reasons mentioned. 

2, Immuneeglobulin, or gamma globulin, which has proved of 
value in the prevention and treatment of measles. Recently it has 
been found to give temporary safeguard against poliomyelitis, or to 
lessen the crippling effects of that disease. 

3. Agglutinins, for blood typing. 

4. Fibrinogen, obtained in pure form, which can be made into 
plasties that have application in surgery. 

5. Thrombin, which, together with fibrinogen, of course, yields 
fibrin. Fibrin films have been prepared which can substitute for 
natural membranes, and fibrin foams can be used, with thrombin, to 
accelerate blood clotting in operative work. 


The presence and relative proportions of the individual proteins have been 
monstrated by the electrophoretic method. Thus, in human plasma there 
as found 62 per cent albumin, which is the fastest moving component, 7 per 
nt a-globulin, 13 per cent B-globulin, 12 per cent y-globulin, and 6 per cent 
rinogen. The y-globulin moves most slowly in the electric field. The fibrin- 
en molecules are long, rodlike in shape, and when flowing in the blood vessels 
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are assumed to orient themselves parallel to one another, as do logs in a eee 
flowing river. When clotting occurs the denatured molecules may be ens 
as being unbalanced in some way, so that they no longer can keep in position an 


a ‘“‘log jam’’ occurs. The molecular weight of fibrinogen of human blood is | 


about 500,000. It is insoluble in distilled water but soluble in dilute salt solution, 
thus resembling globulins in solubility. The y-globulins are of great importance 
since they possess the immune properties of blood. The -globulins are highly 
colored and seem to have prothrombin associated with them. 

The infusion of plasma or plasma proteins has been recommended for 
many conditions, some of which may be mentioned briefly. 

It is usually agreed that in shock there is loss of plasma through the 
capillary walls into the tissue spaces. This leads to a decrease in blood vol- 
ume, hemoconcentration (i.e., concentration of formed elements), and lowered 
colloidal osmotic pressure. In severe and extensive burns there is a great loss 
of proteins from the blood because of transudation of fluid at the site of the 


burn. At the same time there is believed to be an absorption of toxie sub- — 
stances formed at the burned tissue. These toxins cause an increase in capil- — 


lary permeability throughout the body and more plasma is lost. After extensive 
burns the loss of blood plasma may be even greater than in shock. When 
hypoproteinemia occurs, as it does in a number of clinical syndromes, plasma 
may be administered. Loss of blood as a result of hemorrhage, while best 
replaced by whole blood, may also be replaced by plasma, and this is perhaps 
its most general use. 

The treatment of shock by the intravenous injection of whole blood, 
plasma, blood proteins, or other colloids is not accepted by all investigators 
as the correct method. Foremost among this group is Allen, who insists that 
large volumes of physiological saline will give as good results. 

All of these procedures are, in a sense, emergency measures. It should 
be borne in mind that the best way, the most physiological way, to replace 
blood is by enabling the organism to replenish it in the normal manner. A 
regimen to accomplish this should follow all transfusion methods. Blood pro- 
teins contain large amounts of histidine, lysine, and threonine. Hence pro- 
teins, rich in these three essential amino acids, should have a prominent place 
in the diet. It may also be advisable to administer a mixture of the amino 
acids themselves orally or parenterally to hasten the formation of the natural 
blood proteins by natural processes. Other dietary measures should be taken, 
including the administration of iron, copper, and vitamin supplements. 


LYMPH 


Since the lymphatic capillaries drain the tissue spaces, the fluid present 


in both is similar. These fluids resemble blood plasma in composition, the ~ 


chief difference being that blood plasma contains a higher percentage of pro- 
tein than does lymph and tissue juice. This has been mentioned before as the 
reason for the colloidal osmotie pressure of the blood plasma being higher 
than that of the tissue fluids, while the erystalloidal osmotic pressure is about 
the same. The albumin : globulin ratio is higher in lymph than in plasma. 
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This is so because albumin, with a smaller molecule, diffuses from plasma into 
lymph more readily than globulin does, although neither diffuses freely. A 
smaller amount of fibrinogen is present, some prothrombin, and many leuco- 
eytes. It clots very slowly. The lymph of the thoracie duct has a higher 
concentration of protein than that of the lymphatic capillaries but lower than 
that of plasma; in other respects, during the fasting state, it also tends to 
resemble plasma. Since it drains the abdominal viscera, however, its compo- 
sition changes with the state of digestion. After a meal, the fat content rises, 
since more than half of the fat absorbed goes by this route. In fact the lymph, 
or chyle, is decidedly milky if the food contains much fat. 


OTHER BODY FLUIDS 


Considerable progress has been made in determining whether the various 
body fluids are dialysates (uitrafiltrates) of blood plasma or true secretory 
products. In accordance with the Donnan equilibrium, an ultrafiltrate will 
have a different distribution of the electrolytes from plasma, whereas the non- 
electrolytes, such as glucose and urea, will be in the same concentrations. 
This is true of lymph, pleural fluid, peritoneal fluid, synovial fluid, and peri- 
eardial fluid. In cerebrospinal fluid and in the aqueous humor of the eye, 
analyses indicate that simple dialysis is supplemented by some selective secre- 
tion. For instance, glucose is lower in cerebrospinal fluid than in the blood, 
even in hyperglycemia, and the other nonelectrolytes vary in their concentra- 
tions from those of the blood plasma. The protein content of all these fluids 
is lower than that of blood plasma, and the ratios of the various proteins differ. 


CEREBROSPINAL FLUID 


Normal cerebrospinal fluid is a clear, colorless fluid, having a specific 
gravity of from 1.004 to 1.008. It has an extremely low protein content with 
no fibrinogen and, as already stated, differs considerably from blood plasma 
in its concentration of nonelectrolytes. Its pH, however, is about the same 
as that of blood; namely, pH 7.35 to 7.40. Pathologically the fluid may be 


Dilutions of Spinal Fluid wth 04%NaCI} Controls 





‘j 2 iT ‘eactions i 2 idé 4 2S Jormal cerebrospinal fluid (no 
Fig. 24.—Types of reactions in the colloidal gold test. 1, Normal oO} a 1 
action) . £ jaietic type; 8, syphilitic or tabetic type; 4, meningitic type. (F rom eh a are 
nd Sanford A. H.: Clinical Diagnosis by Laboratory Methods, ed. 10, Philadelphia, 1944, 
W. B. Saunders Co.) 
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202 HUMAN BIOCHEMISTRY 


increased in amount and, as a consequence, be under great pressure. In many 
of these conditions the protein content increases appreciably. It is usually - 
referred to in clinical tests as the globulin fraction, since this seems to be the 
chief constituent to show an increase. Besides various quantitative and quali- 
tative procedures of the usual type, Lange’s colloidal gold test is also em-_ 
ployed. The exact nature of the substances responsible for this reaction is 
unknown, but they are probably of a protein nature. The procedure consists 
in mixing cerebrospinal fluid in progressively increasing dilutions with a col- 
loidal gold solution. Normal fluid causes no change in the appearance of this 
orange-red colored solution. Fluids from certain pathological conditions pro- 
duce changes in this color, depending upon the particular condition and the — 
dilution. When these results are plotted, they produce curves which are rather 
characteristic and thus aid in diagnosis. In Fig. 24 are shown some of the 
curves obtained by this test. 


SEMEN 


The study of the composition of semen has assumed greater interest in 
recent years because of its possible bearing on the problem of infertility 
(Weisman). Most of the work has been done on the seminal plasma, the fluid 
in which the spermatozoa are suspended. The spermatozoa are constituted 
largely of nucleoproteins, which differ in various species as regards their 
isoelectric points, amino acid make-up, ete. 

Human seminal plasma is a mixture of the secretions of a variety of glands 
and tubular epithelial linings. This may account for the great differences in 
analytical figures reported in the literature. The pH is about the same as that 
of blood plasma, as is the CO, content. Chloride and cholesterol are much 
lower, whereas phosphorus and lactic acid are much higher. The high phos- 
phate is undoubtedly of importance in buffering any acid present in the fe- 
male secretions. Calcium, urea, and sugar are about twice as high in semen 
as in blood. It is interesting that the sugar present is fructose rather than glu- 
cose, (Mann.) The analyses of proteins are most discordant, both qualita- 
tively and quantitatively, but the most recent work by electrophoretic methods 
indicates that the protein fractions are qualitatively identical with those of 
blood serum. (Gray and Huggins.) From these facts it would appear that 
seminal plasma is not an ultrafiltrate, and indeed its derivation from so many 
sources would lend support to that hypothesis. 


TRANSUDATES AND EXUDATES 


The fluid formed by passage through a membrane is called a transudate. 
A fluid deposited in or on a tissue is known as an exudate. Actually the — 
difference between a transudate and an exudate is difficult to define. If 
inflammation exists, the fluid is an exudate. Thus a transudate may be a 
normal fluid, such as lymph, or it may be a pathological fluid, such as some 
sterile ascitic fluid (e.g., peritoneal). From a physical and chemieal stand- 
point, transudates have a low specific gravity (below 1.015), a low protein 
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content, and clot more slowly than do exudates, if at all. Exudates have a 
higher specific gravity (above 1.018) and a higher protein content (above 3 
per cent) than have transudates and clot rapidly. However, in some rare 
stances in which these physical and chemical features tend to merge, it is 
lifficult to determine whether a fluid is a transudate or an exudate. 


MEDICOLEGAL TESTS FOR BLOOD 


It is frequently necessary to determine whether stains or smears are com- 
posed in whole, or in part, of blood. If the material is fresh and an isotonic 
suspension is made, it is sometimes possible to observe the red blood cells 
microscopically. The spectroscope can also be used, because the absorption 
spectrum of hemoglobin is quite specific. The various tests for the catalytic 
oxidizing effect of heme, such as the guaiac, benzidine, and reduced phenol- 
phthalein tests, are very helpful, but are not specific for blood. Blood reacts 
after it is heated, as a result of the catalytic action of iron, as well as before, 
as a result of the enzyme peroxidase. Raw milk, pus, saliva, and other bio- 
logical materials contain peroxidases which react similarly, but no reaction 
is seen after heating. Certain salts also give the guaiac test. If hemin erystals 
can be prepared, they are quite indicative of blood; this is Teichmann’s test. 
(See Fig. 22.) 

However, none of these tests are diagnostic of the species. An immuno- 
logical reaction is necessary if this is to be determined. The test is based on 
the fact that the blood serum of an animal, into which has been injected re- 
peatedly the blood serum of an animal of another species, gradually acquires the 

roperty of producing a precipitate when mixed with serum of an animal of 
he species whose serum was injected. This ‘‘precipitin reaction’’ is performed 
ssentially as follows for the detection of human blood: increasing amounts of 
uman blood serum are injected every four days into a rabbit until from 25 to 
5 ml. have been administered. Four or five days later, the rabbit is bled and 
he serum obtained. This is preserved in sterile containers until a test is to 
e made. Such serum will form a precipitate if mixed with blood serum of human 
eings and of no other species. 
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Chapter 9 
ENZYMES 


A catalyst is a substance which will accelerate a reaction but which is 
not itself altered by the reaction. An enzyme is a heat-labile organic catalyst 
produced by a living cell but which acts independently of the ¢ell. Most vital 
reactions are enzyme reactions. Indeed, as Willstatter has well said, ‘‘Life is a 
system of cooperating enzyme reactions.’’ Digestion, the building up and break- 
ing down of tissues, cellular respiration, and muscle contraction are examples 
of physiological activities of paramount importance, all dependent on enzyme 
action. 

It should be noted that not all biological catalysts are enzymes. Tauber places the 
biochemical catalysts in two categories: 


1. Specific, cell-independent, biochemical catalysts or enzymes. These are destroyed by 
heat. Examples: pepsin, amylase, oxidase. 

2. Specific, nonenzymic biochemical catalysts. These act mainly in vivo. They may or 
may not be destroyed by heat. Examples of these are genes, hormones, and viruses. 


History of Enzyme Chemistry 


From prehistoric times man has observed four chemical changes which ap- 
parently occur spontaneously. They are the fermentation of sugar with the pro- 
duction of alcohol, the souring of milk, the souring of wine, and the production 
of ammonia in urine. Each is due to the growth of microorganisms which con- 
vert the substances present into other substances. All are now known to be 
brought about by enzymes, but for a long time it was felt that these reactions 
were bound up in the life cycle of the organisms and could only occur if these 
forms were present and living. In 1833 Payen and Persoz precipitated the 
starch-digesting enzyme from malt extract by means of aleohol. They named 
it ‘diastase’ and compared it with the natural ‘‘ferments’’ which caused the 
souring of milk or of urine. It was at about this time that Beaumont recognized 
that the digestive action of gastric juice was due to a chemical substance, and in 
1836 Schwann isolated this substance and named it ‘‘pepsin.’’ Leuchs and 
Claude Bernard studied the digestive agents of saliva and pancreatic juice, 
respectively, in this period. The term “‘ferment’’ was used for a long time 
for any agent which would bring about a chemical reaction in biological material. 
Pasteur showed that many of these reactions were caused by the growth of 
microorganisms and he differentiated between “‘organized ferments’’ and ‘‘un- 
organized”’ or ‘‘soluble ferments’’; i.e., between microorganisms and nonliving 
substances like pepsin. Later, Kiihne introduced the term “‘enzyme’’ to mean 
a biological catalyst. However, it was not until 1897 that it was shown by 


Buchner that the microorganisms produce their effects through the agency of 
intracellular enzymes. 
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Z Recently, enzyme chemistry has progressed very rapidly. In 1926 the first 
aZyme was crystallized by Sumner (urease) and a number of others have been 
rystallized since then. This has enabled more exact studies of the action of 
1€ enzymes to be made—the kinetics, specific points of attack on the substrate, 
te. The ‘‘coenzymes’’ were isolated in 1933 and later their structure was 
etermined. Investigations centering on them has given a great deal of informa- 
on regarding carbohydrate metabolism and cellular respiration. 

Much has been written about the mechanism of enzyme action. However, it 
ill suffice to say that the two main theories are as follows: 

1. Bayliss’ hypothesis. Since the enzyme is a colloid, it has an enormous 
urface. The substrate, or substance acted upon, is adsorbed upon this surface. 
‘hen the reaction takes place at the interface. In this respect the enzymes 
re assumed to resemble inorganic catalysts like colloidal platinum, in which 
he reaction takes place at the surfaces of the many colloidal particles. 

2. Michaelis’ hypothesis. This is a chemical view as contrasted with 
ayliss’ physical approach. Michaelis believes that the catalyst reacts with the 
ibstrate, forming an intermediate compound. The latter then decomposes into 
he new products plus the original enzyme. 

Like other catalysts, enzymes increase the rate of reaction but do not change 
he final equilibrium. That is, after the reaction 


(OR tin UU 4 fe 





as reached equilibrium, the addition of more enzyme will not change the 
lative concentrations of A, B, or C. The rapidity with which this equilibrium 
as attained in the first place may be altered by adding to, or subtracting from, 
e amount of enzyme. 

Although enzymes are catalysts, they differ from inorganic catalysts in 
me respects. The latter frequently catalyze many kinds of reactions. En- 
mes never do, but they are rather specific in that they act only upon certain 
pes of substances. Inorganic catalysts are unchanged by the reaction which 
ey catalyze. They often may be recovered quantitatively and regenerated 

the end of the reaction. Not so the enzymes, which are destroyed to a 
reater or less extent during their reactivity. 














Preparation of Enzyme Material 


For the extraction of enzymes from biological material, usually a pre- 

inary disruption of the cells is necessary. This is accomplished by grinding 
ith sand, chopping, high pressure, autolysis (self-digestion), or desiccation 
lowed by pulverization. Material so treated is extracted by one of a variety 
solvents, depending upon the enzyme and the material. Glycerol, aleohol, 
ffers, saline, dilute acids, or alkalies all have been used in various per- 
ntages. 

Often the enzyme may be studied in these extracts without further proce- 
re. However, to concentrate and purify it any one of a number of methods 
y be employed. Willstatter and his pupils used the adsorption method. 
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This is based on the fact that the enzymes are colloids and may be adsorbec 
on other colloids such as kaolin or certain aluminum hydroxides. 
is then released or ‘‘eluted’’ from the combination by mild chemical reagents. 
Others, especially Northrop, have used fractional salting-out methods to pre 
eipitate and concentrate the enzyme, sometimes getting rid of the salt by dialysis 
The combination of treatment with butanol followed by differential saltin 
out has recently been introduced and in many cases has proved highly suc 
The preparation of highly purified enzymes is a long ané 
tedious process, but the results of such experimentation have yielded extremely 
powerful enzyme preparations, a number of which have been crystallized, 


cessful (Morton). 


These inelude: 


Urease (Sumner, 1926) 

Pepsin (Northrop, 1930) 

Pancreatic amylase (Caldwell, Booher, and 
Sherman, 1931) 

Trypsin (Northrop and Kunitz, 1932) 

Yellow respiratory enzyme (Theorell, 1934) 

Chymotrypsin (Northrop and Kunitz, 1935) 

Chymotrypsinogen (Kunitz and Northrop, 
1935) 

Carboxypolypeptidase (Anson, 1935) 


Catalase (Sumner and Dounce, 1937) 
L-Glutamie acid dehydrogenase (Euler, et al, 





1938). 
Carbonic «anhydrase (Scott and _ Fisher, 
1942) : 
Muscle phosphorylase (Green and _ Cori 
1943) 


Rennin (Hankinson, 1943) 
Hexokinase (Berger et al.; Kunitz and Mé 
Donald, 1946) 


Pepsinogen (Herriott and Northrop, 1936) Inorganic pyrophosphatase (Kunitz, 1952) . 


Some of these crystalline enzymes are shown in Fig. 25. 


Chemical Nature of Enzymes 


The enzymes are protein in nature. This is generally accepted, althougll 
until quite recently it was thought that there might be some exceptions. Some 
enzymes consist wholly of protein, others contain some metallic ion, and still 
others are similar to conjugated proteins, the prosthetic group of which 
is heat stable and dialysable and is mainly responsible for the catalytic ae 
tivity. The protein portion, however, is always required for enzymie action. 
It is often called ‘‘apoenzyme”’ and the prosthetic group, the ‘‘coenzyme,’? the 
two together forming a ‘‘holoenzyme.’’ 

Examples of the first type of enzyme, which is composed solely of protein, 
are pepsin, trypsin, and urease. Carbonic acid anhydrase contains zine; 
tyrosinase, lacease, and ascorbic acid oxidase are copper-protein complexes; 
and catalase, peroxidase, and cytochrome oxidase are examples of iron-con- 
taining enzymes. 


Terminology of Enzymes 


The enzymes which have been known for a long time are still known by the 
names originally given them; i.e., ptyalin, pepsin, trypsin, papain. In genera 
however, the suffix ‘‘ase’’ is affixed to the name of the substance acted upon. 
Thus, we have lipase, amylase, protease, and sucrase which act upon fat, starch, 
-protein, and sucrose, respectively. Often the source is indicated, as, for oxanil 
pancreatic lipase. The adjective suffix ‘‘lytic’’ is also used in designating an 
enzyme; for example, the proteolytic enzyme of the gastric juice. The sub- 
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stance acted upon is called the ‘‘substrate.’’ A ‘‘proenzyme’”’ or ‘‘zymogen’’ is 
the inactive form of the enzyme present in the cell and sometimes in ae secre- 
tion; e.g., pepsinogen and trypsinogen. It must be activated before becoming 
a true enzyme. This may be accomplished in some instances by a saihbte 
hydrogen-ion concentration. In others, specific activating enzymes, or ‘*kinases,’”’ 
are required. Furthermore ‘‘activators’’ or ‘‘coenzymes’’ are needed by SDR 


A. B 





_ Fig. 25.—Some crystalline enzymes. A, Crystalline urease (Sumner). (From Sumner, 
J. B., and Somers, G. F.: Chemistry and Methods of Enzymes, New York, 1943, Academic 
Press, Inc.) 

3, Crystalline pepsin (X90). (Courtesy Dr. John H. Northrop. ) 

C, Crystalline chymotrpysin (X123). (Courtesy Dr. Moses Kunitz.) 

D, Phosphorylase crystals prepared from rabbit muscle (135). (From Green, A. Axe 
and Cori, G. T.: J. Biol. Chem. 151: 21, 1943.) 


enzymes. There is not complete agreement in the use of these terms. However, 
the distinction usually drawn between an activator and a coenzyme is that the 


former is inor ani¢c and the latter organic. An ‘Cantienzyme’”’ is a biological 
=] 7 =) 
substance which inhibits enzyme action. 


210 HUMAN BIOCHEMISTRY 


CLASSIFICATION 


The enzymes may be classified in four large groups with subgroups. 


A. Hydrolases—Bring about hydrolyses; that is, they add water to the substrate and simul- 
taneously decompose it | 
1. Carbohydrases—Split higher carbohydrates into simpler ones | 
a. Polysaccharidases—Change polysaccharides to simpler carbohydrates | 
b. Saccharidases—Split the di- and trisaccharides to monosaccharides 
2.. Esterases—Attack ester linkages 
a. Simple esterases—Split esters of the ethyl butyrate type, forming ethyl alcohol 
and butyrie acid E 
b. Lipases—Convert fats into fatty acids and glycerol . 
ec. Phosphatases—Hydrolyze phosphoric acid esters into their main constituents; 
thus glycerophosphate is hydrolyzed to glycerol and phosphoric acid | 
d. Cholinesterases—Hydrolyze esters of choline. 
3. Proteases—Attack the peptide linkage (—C—-N—) of proteins 


OR 
a. Proteinases—Capable of splitting linkages usually not adjacent to a terminal 


group; thus they can break off comparatively large peptide chains 
b. Peptidases—Split off amino acids from peptides or proteins by attacking 
terminal peptide linkages | 
4. Nucleases—Hydrolyze nucleic acid to their constituents in several stages, each brought — 
about by a different enzyme 
These include nucleinases, nucleotidases, and nucleosidases 


5. Amidases—Attack carbon-nitrogen linkages, splitting off an amino-containiny group 
a. Urease—Converts urea to ammonium earbonate 


b. Arginase—Splits the amino acid arginine into ornithine and urea 
c. Nuclein desaminases—Although these enzymes require water they are not, 


strictly speaking, hydrolases; they split off NH, from the substrate which be- 
comes oxidized in the process; adenase is one example 


B. Transferases—Cause the transfer of certain groups from one compound to another 








1. Transaminases—Effect the transfer of the amino group of certain amino acids to 
certain a-keto acids, reversibly , 
. Transacetylases 


bo 





Effect the transfer of the acetyl group reversibly 
3. Transphosphorylases—Move phosphate groups from one organic compound to an- 
other 
4. Transpeptidases—Effect the transfer of amino acids or peptides from one peptide 
to another 
a. Form peptide linkages (Require sources of energy ) 
e.g., CcH;COOH + glycine + ATP > hippuric acid + ADP + phosphate 
(not reversible) 
b. Effect transfer of peptide bonds (Not much energy required) 
e.g., Glutathione + leucine = y-glutamyl-leucine + cysteinylglycine 
0. Transglycosidases—Enzymes of carbohydrate metabolism 


Include a number of enzymes which add phosphoric acid and Simultaneously produce 
changes in the substrate; for example: 


+ H,P O, 
——> 
Glycogen Phosphorylase Glucose monophosphate 
———_____ 
- H,PO, | 


They are quite reversible and responsible for the breakdown and building-up of earhabe 
drates as well as for energy changes in muscle (see Chapter 16) 


6. Transmethylases—Effect the transfer of methyl groups; aid in synthesis of choline 
sarcosine, betaine, ete. 
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ra 


0. Oxido-reductases—Enzymes concerned in biological oxidations 


1. Dehydrogenases—Remove hydrogen from the substrate, but only if a suitable hydrogen 
acceptor is present 


. Mutases—Cause the simultaneous oxidation and reduction of two molecules of the 
same compound; aldehyde mutase is an example: 


9 
a 


CH, CH, CH, 
d Mutase | | 
2 | —O +H,0 ———> COOH + CH,OH 


H 
Acetaldehyde Acetic acid Ethyl alcohol 


3. Hydrases—Add water to the substrate without hydrolyzing it; an example is 
fumarase. One may consider the oxygen of the water going to one part of the 
molecule and the hydrogen atoms to another: 


COOH COOH 
| | 

CH CHOH 
|| + HO =&@ | 

CH CH, 

| | 

COOH COOH 

Fumarie acid Malice acid 


4. Oxidases—Activate the oxygen of molecular oxygen, peroxides, and other compounds 

5. Peroxidases—Transfer oxygen from H,O, or organic peroxides to the substrate, 
usually phenols 

6. Catalases—Decompose H,O., liberating molecular oxygen (may also act as peroxi- 
dases [| Tauber, 1952] ) 

7. Other enzymes involved in cell oxidations; there are many of these; some will be con- 
sidered in Chapter 14 

. Desmolases—Break or form carbon chains 
1. Carboxylases—Decompose organic acids with the liberation of carbon dioxide 
2. Carbonic anhydrase—Catalyzes the following reaction reversibly: 
Carbonic 


anhydrase 
H,CO, = H,O + CO, 


It is not a true desmolase but it is included here because it resembles the carboxylases. 
3. Carboligase—Links carbon chains together: 
CH, CH, ane 
| 
C=O + C=O carboligase CH -OH 
—$—$—————— <=> | 
i tt C==0 
CH, 
Acetaldehyde Acetoin 
There are many other types of enzymes which cannot be included in the 
bove classification. In succeeding chapters some of them will be discussed, as 


ill also most of those in the categories given. 


SPECIFICITY 


The enzymes are highly specific; that is, a given enzyme will act on only a 
ertain particular substance or sometimes on closely related substances. This 
ecificity is undoubtedly due to the fact that the enzyme attacks a compound 
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at a definite type of linkage. Hence there are many apparent exceptions to this” 
property of specificity. Nevertheless, it may be stated quite definitely that broad 
boundaries are never crossed; proteases do not attack starches, carbohydrases do 
not split fats, ete. In fact, there are many examples of very narrow specificity, | 
Urease acts only on one substance, urea. As explained in Chapter 3, maltase 
splits alpha-methyl glucoside but not beta-methyl glucoside, while emulsin splits” 
beta-methyl glucoside but not the alpha compound. The dipeptidase of intestinal 
juice will split peptides made up of naturally occurring amino acids, the L-amino- 
acids, but not those containing the p-amino acids. Thus, glycyl-L-alanine will be 
attacked but not glycyl-p-alanine. ; 

In some cases an enzyme will act upon two or more different substrates 
with different intensities. Thus pancreatic lipase hydrolyzes aliphatic esters 
rapidly but cholesterol esters slowly, and emulsin does not split all beta-p-glueo- 
sides equally rapidly (Fodor). This might be termed relative specificity. 

Because of specificity of enzyme action, it is possible to decompose a par- 
ticular compound in different ways by different enzymes. An example of this 
is the action of saccharase and of melibiase on the trisaccharide raffinose, which 
is composed of galactose, glucose, and fructose. The hydrolysis by the en- 
zymes saccharase and melibiase is indicated thus: 


Melibiose Fructose , 
pee Sacchdrase ‘ 
Raffinose: Galactose Glucose Fructose 
Melibiase 
‘F ; 
Galactose Sucrose 


Melibiase yields the monosaccharide, galactose, and the disaccharide, sucrose, 
while saccharase yields the monosaccharide, fructose, and the disaccharide, 
melibiose. ; 


V 


FACTORS INFLUENCING ENZYME ACTION | 


Various factors influence the velocity of enzyme reactions. Among them 


are the following: 
¢ 


1. Concentration of enzyme 4. Temperature . 

2. Concentration of substrate 5. Products of reaction | 

3. Hydrogen ion concentration 6. Effects of light and other physical factors 
7. Time i 


Concentration of Enzyme.—The velocity of an enzyme reaction is directly 
proportional to the concentration of the enzyme; that is, the more enzyme, the 
faster the reaction; if one doubles the amount of enzyme, the rate of renctien 
is usually doubled. It is particularly true at the heeinning of the reaction but 


may not hold as the reaction continues. This may be due to the presence of im 
purities which inhibit the reaction (Fig. 26), 
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Concentration of Substrate.—The velocity of an enzyme reaction increases 
s the concentration of the substrate increases but only up to a certain point 
nd not in strict proportionality. Then the rate continues more or less con- 
tant as the substrate continues to be increased (Fig. 27). 


n 


Enzyme Ach 





Q.00t 0.002 Q003 


Amount of Enzyme 


Fig. 26.—The effect of enzyme concentration on enzyme activity. These data were ob- 
ained by determining the number of milligrams of reducing sugar formed in digestion mix- 
ures containing different amounts of pancreatic amylase. The pancreatic amylase was sup- 
ied as duodenal contents and the values of the abscissa indicate the number of milliliters 
f duodenal contents present in the digestion mixtures. The digestion mixture was buffered 
it an optimum pH and contained optimum amounts of chloride and substrate. (From Myers, 
7. C., and Free, A. H.: Am. J. Clin. Path. 18: 42, 1943.) 








Amount of Substrate 


Fig. 27.—The effect of substrate concentration on enzyme activity. These data were ob- 
ined by determining the number of milligrams of reducing sugar formed in reaction mixtures 
which the amount of enzyme (pancreatic amylase) was constant. The amount of sub- 
trate indicates the number of milliliters of 1 per cent soluble starch present in the reaction 
ixtures all of which had the same total volume. (From Myers, V. C., and Free, A. H.: Am. 


. Clin. Path. 13: 42, 1943.) 


Hydrogen Ion Concentration.—Enzyme reactions are influenced by vary- 

ng the hy@rogen ion concentration. The ‘‘optimum pH”’ is that pH at which 
certain enzyme will cause a reaction to progress most rapidly. The optimum 
H, however, is dependent on various conditions; for example, the kind of 
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buffer, the particular substrate, and the source of the enzyme may all have an 
influence. In Table XXIV are illustrated these points, with the optimum pH’s 
for several enzymes under differing conditions (see also Fig. 28). 


In Table XXIV is clearly shown, moreover, the wide range of hydroge | 
ion concentrations at which enzymes are most effective. Most enzymes not only 
have an optimum pH range, but also tend to be inactivated as the pH changes 
in either direction beyond that range. 
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Fig. 28.—The effect of pH on enzyme activity. These data were obtained by determining 
the number of milligrams of reducing sugar formed in reaction mixtures in which the amount 
of enzyme (pancreatic amylase) and substrate (soluble starch) was constant. The pH was 
adjusted by using phosphate byf¥ers (KH2POs/NazHPOs) in which the different hydrogen ion 
concentrations were attained b ising different ratios of the acid and alkaline salt. (From 
Myers, V. C., and Free, A. H.: . J. Clin. Path. 18: 42, 1943.) 


TABLE XXIV 


SHowinG THAT THE OPTIMUM pH Varies WITH THE TyPE OF SUBSTRATE, THE BUFFER, AND 
THE SOURCE OF ENZYME* 








ENZYME OPTIMUM pH 


Amylase, source 
Pancreatic 
Malt 
Salivary, acetate buffer 
Salivary, phosphate buffer 
Pepsin, substrate 
Egg albumin 
Casein 
Hemoglobin 
Phosphatase, source 
Bone 
Kidney 
Plant 
is Synthetie action 


*After Hauber, H.: TT Shemis 
Wiley & Sons, Inc. ee ace 
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and Technology of Enzymes, New York, 1949, John 


ty of an enzyme reaction is in- 
alue with each 10° C., rise in temperature 
é 1s attained. For animal enzymes the optimum 


Influence of Temperature.—The veloci 
creased about twice the initial v 
until the optimum temperatur 
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mperature is usually 40-50° C., while for plant enzymes it is higher, usually 
)-60° C. Above this, the rate decreases and at a certain point (usually at 
out 60° C.) the enzyme is destroyed. Dry enzyme preparations withstand 
eat better than solutians; this harmonizes with the view that enzymes are 
roteins and heating in the presence of water denatures them. 

Products of Reaction.—The usual enzyme reaction, in vitro, tends to be- 
yme retarded in rate as it progresses, due to the accumulation of products of 
action. The explanation of this is twofold. In the first place the enzyme 
action is, theoretically at least, a reversible one. 

enzyme 

<< B + C€ 

'B and C could be removed as fast as they are formed, the reaction would be 
00 per cent complete. However, in the test tube they are not and conse- 
uently the reaction is not complete. It is, however, usually more than 90 
er cent complete. The chief reason for the retarding action of the products 
f digestion on the rate of the reaction is that some of the reaction products, 
eing structurally similar to the substrate, combine with the enzyme much as the 
nbstrate had done. This inactivates some of the enzyme. 
Effects of Light and Other Physical Factors.—Enzymes may be accelerated 
r inhibited in their activity by light rays. Red and blue light will increase the 
ption of salivary amylase and of several other enzymes. Ultraviolet rays and 
.dium emanations usually have the opposite action. Violent shaking of enzyme 
lutions has a destructive effect upon them, due to denaturation of the protein 


zyme. 





REVERSIBILITY AND SYNTHETIC ACTION 


If enzyme reactions are, as stated previously, reversible, this should be the 
sis for syntheses in the body. For example, proteins are digested to amino 
ids by proteases. Amino acids are absorbed from the gastrointestinal canal 
d are carried by the blood to all the tissues of the body. In all cells we find 
oteases present. Hence it is deduced that these enzymes should be capable 
reversing the proteolytic process and of synthesizing the cell proteins from 
e amino acids. 

Protease of intestinal tract 
Protein Es Amino acids 


<———————— 
Protease in tissue cells 


The reversibility of many enzyme reactions has been shown. Disaccharides 
ve been synthesized from monosaccharides; esters and fats have been syn- 
esized from their constituents; and a natural tripeptide, glutathione, has 
en synthesized enzymatically from its amino acid components and also from 
(Snoke and Bloch.) The pH for the synthetic reaction sometimes 


peptides. 
the concentration of the reactants 


ffers from that of the disintegrating one; 


» . . - = E, q\ . 1Y 2 
ust be high; and the rate of the reaction 1s usually very low. Furthermore, 
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the point of equilibrium frequently is so far to the right as to make it pra 
tically impossible to observe any reverse, or synthetic, action. 

Autolysis.—If fresh tissue is incubated with suitable precautions for steril- 
ity, it will disintegrate and may liquefy. The proteins are hydrolyzed by en 
zymes present that are called cathepsins. The process is known as autolysis 
Cathepsins are probably present in all animal tissues but are found in highe 
concentration in liver, spleen, and kidneys. A cathepsin is also present in g 
tric juice. In the tissues these enzymes are believed to be in an inactive for . 
and during life the pH of the body fluids is unfavorable for their activation 
well as for their activity. After death the tissues become more acid because 0 
the liberation of lactic and other acids. This initiates autocatalytie activation, 
that is, the activation of the proenzyme by minute amounts of the free enzyme 
formed presumably by the acid. There is now also a more favorable hydrog 
ion concentration for the enzyme and proteolysis occurs. The cathepsins in- 
clude both proteinases and peptidases with the result that those tissues contain 
ing considerable amounts of cathepsins are hydrolyzed to the various split progy 
ucts of the proteins, including the amino acids. } 

Physiological phenomena which may be explained by catheptie activity are 
involution of the mammary gland at the end of lactation, the involution of the 
uterus after parturition, and generalized atrophy of old age. In these a dimin- 
ished blood supply prevents adequate buffering of acids formed in tissue metabo- 
lism. Pathologically, ‘““wasting diseases,’’ such as muscular dystrophy, pathologie 
degeneration, atrophies, and the resolution of the exudate in lobar pneumonia, 
have been explained on the same basis. If inhibitory substances are present, 
autolysis will not occur, of course, and this is thought to be the chief reason 
why ecaseous tuberculous material does not autolyze to an appreciable extent, 


INHIBITORS AND ACTIVATORS ) 


Inhibitors.—There are many substances, besides the produets of reaction, | 
which inhibit enzyme reactions. Such substances, sometimes called enzyme | 
‘‘poisons,’’ fall into several categories. (1) Those which act upon the prosthetie : 
group. CO, HCN, azide, and H,S, for example, inhibit enzymes containing 
an iron-porphyrin complex as the prosthetic group. Oxidizing and reducing 
agents also may inhibit enzymes, usually by an action on the prosthetic he 
Many other substances like NaF’, which inactivates enzymes requiring calcium, 
and diethyldithiocarbamate, which inhibits copper-containing enzymes, effect 
their action by combination with the prosthetic group. (2) Those which impair 
the protein fraction of the enzyme. In this group are found the heavy metals. 
They react with the —SH groups of the protein component of many enzymes 
and thus destroy their functional activity. One must be careful, for instance, 
when using urease for urea determinations (see page 515), that the glassware 
is free from traces of the mercury in Nessler’s solution, often used in the same 
determination, since the mercury will inactivate the urease. Aluminum ions 
are said to inhibit peptic action. This may be one of the reasons for the benefits 
derived from aluminum hydroxide therapy in the treatment of peptie ulcer. 
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) Competitive inhibitors. These are substances which compete with the sub- 
‘ate for the enzyme because they resemble the substrate in chemical structure. 
iecinic oxidase is inhibited by malonie acid, the structure of which is so similar 
that of succinic acid that the enzyme is ‘‘tied up”’ by it. To this group may 
30 be assigned the other ‘‘structural analogs’’ discussed in Chapter 24. These 
semble structurally other parts of the enzyme systems. The resemblance is so 
se that they take their places in such systems but are not capable of com- 
eting the reactions. Certain proteins have been shown to be inhibitors of 
rticular enzymes. In soybeans and other legumes there are globulins pres- 
t which inhibit trypsin. (Ham and Sandstedt). Human blood serum also 
ntains a factor, probably a protein, which is antiproteolytic. Into which of 
e above categories these would fall is not certain. 

Some antiseptics have an inhibitory action, but others have not and are use- 
1 in enzyme experimentation. Since enzymes are proteins, they are just as 
ble to destruction by micro-organisms as other proteins. Consequently, in 
zyme experiments it is essential to use an antiseptic which will not inhibit the 
zyme. Toluene is a useful one. 

In life processes the inhibitors and activators discussed above undoubtedly 
ay important roles. There are, in addition, other factors which must have 
table effects. It is known that the hormones (see Chapter 23) regulate 
rtually all life processes, and they must influence enzyme reactions in some 
ny. However, except in a very few instances, no such effect has been dem- 
strated in test tube experiments. 

Activators.—Many enzymes are present in the cells or secretions in an in- 
ive state. These are called ‘‘zymogens’’ or ‘‘proenzymes.’’ Pepsinogen, 
psinogen, and prorennin are examples and are precursors of pepsin, trypsin, 
d rennin, respectively. These must be activated before they can catalyze 
eir specific reactions. Some zymogens are autoecatalytically activated. In 
her words, they activate themselves. Thus, pepsinogen in the presence 
HCl forms small amounts of pepsin, which then rapidly converts the 
st of the pepsinogen to pepsin. Another method of activation is by the 
tion of one enzyme on another, similar to the action of pepsin on its own 
ecursor. Examples of this are the activation of chymotrypsinogen by trypsin 
d the activation of trypsinogen by the enzyme specific for this purpose, entero- 
ase. As stated previously, most enzymes require ‘‘activators’’ or ‘‘coen- 
es’’ for efficient functioning. In this connection the term ‘‘activators’’ is 
sleading; ‘‘accelerators’’ would be better. Enzyme activators or accele- 



















tors are inorganic and coenzymes, organic. 

Coenzymes.—The coenzymes are dialyzable, heat-stable organic com- 
yunds, necessary for the functioning of enzymes. They are associated with, 
t usually separable from, the enzymes they activate. The structure and 
tion of several have been elucidated, and they are assuming great importance 
biochemistry. One of the coenzymes necessary for yeast activity was found 
contain, as its prosthetic group, niacin amide. It is called diphosphopyri- 
ne nucleotide (DPN), or coenzyme I (Co I). Another coenzyme has a simi- 
composition, with one more phosphate group. It is triphosphopyridine 
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nucleotide (TPN), or coenzyme II. Because of the presence of the niacin 
amide, both of these coenzymes function as hydrogen donors and acceptors 
and take part in numerous oxidation-reduction reactions. Their formulas ar 
given on page 347. Coenzyme A is a derivative of pantothenic acid and 
is involved in transacetylation. That is, it forms a union with the acetyl 
group and is then ‘‘acetyl coenzyme A.’’ The acetyl group may then be trans- 
ferred to another group. Its formula is on page 296. 
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Chapter 10 
DIGESTION 


Very few substances are ready for use by the body in the state in which 
ey are ingested. Water, some lipids, some monosaccharides, the vitamins, and 
organic salts make up almost the entire list of such substances. The rest must 

digested before they can be utilized. Digestion is that process whereby 
rious foodstuffs are converted by the body into products suitable for absorp- 
yn and utilization. 

Digestion is, as a rule, aided by cooking. Many of the foodstuffs are partly 
‘rdrolyzed by cooking. Collagen and starch are good examples. Some protein 
ods are rendered more digestible by coagulation. Egg white is one of these, 
ace it has been shown that, contrary to common opinion, raw eggs are not as 
sily digested as cooked eggs. Most vegetables and fruits are softened by heat. 
ne processes of cooking aid digestion in a physiological manner, because the im- 
‘oved flavors generally brought out reflexly stimulate the flow of the various 
gestive juices. The heating of food also destroys parasites and bacteria, 
hich, besides producing other deleterious effects, often inhibit digestive and 
sorptive processes. Cooking destroys any injurious enzymes which may be 
resent. One example is the thiaminase of raw clams, which inactivates vita- 
in B,. The improvement in the nutritive value of raw soybean meal by 
oking is well known in the fields of poultry and cattle feeding. The cause 
this has been the subject of much study, but it is not clear whether it is due 
a change in the structural condition of the amino acids, to the abolition of 
e effect of the trypsin inhibitor present upon trypsin’s digestive activity, or 
some specific action of this same trypsin inhibitor upon growth (Klose). 

Another aid to digestion is mastication. It is generally agreed that sub- 
vision of the food material hastens digestion and tends toward more com- 
ete digestion by presenting a greater surface to the digestive fluids. 

The most important factor in digestion, however, is the action of the various 

ymes in the alimentary tract. They require suitable conditions for favorable 
tivity and, in most cases, these conditions are found in that tract. The prompt 
oval of the products of digestion by absorption favors enzyme action since 
is, theoretically, at any rate, is always a reversible reaction. According to the 
of mass action, removal of the products of such a reaction tends to cause it 


proceed faster toward the side from which the products are being removed. 
actor which hinders 














nsequently good absorption favors digestion, while any f 
sorption has a deleterious effect upon it. 


SALIVA 


Saliva is the mixed secretion of the parotid, submaxillary, sublingual, and 
ecal glands. It contains about 99.4 per cent water and has a specifie gravity 
1.002 to 1.008. Some 1,500 ml. is believed to be the approximate daily secre- 
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tion in man. The secretion of saliva is entirely under the control of ie a ee 
system. A variety of stimuli cause an increased flow by reflex pais a 
This is true whether the stimulus is psychic (the sight, smell, oe oug a 
food), mechanical (as produced by chewing paraffin), oF chemical (as eae y 
the action of acids, salts, ete., on the taste buds). There seems to be no hor 
monal control of salivary secretion. 


STB. 


1-MOUTH ¥ 
2-SALIVARY GLANDS 
3-ESOPHAGUS 
4-DIAPHRAGM 
5-STOMACH 

4 6-DUODENUM 
SE are 7-LIVER 
8-PANCREAS 


9-SMALL INTESTINES 
10-VERMIFORM APPENDIX 





11-CECUM 
BLADDER 12° ASCENDING COLON 
eS 13- TRANSVERSE. COLON 
PYLORUS /} j 14- DESCENDING COLON 
9 15-SIGMOID COLON 
3 14) 16-RECTUM 
: 17-ANUS 


te 


Fig. 29.—Diagram of the alimentary tract. (Modified from Mottram, V. H.: 


Physiology, New 
York, 1928, W. W. Norton & Co. Inc. ) 


Saliva is almost colorless and rather viscid, and if a quantity of saliva ina 
vessel is exposed to air, the surface becomes covered with an incrustation consist- 
ing of calcium carbonate with a small proportion of organic matter. The re- 
action of the saliva of a given individual is not constant. 
slightly acidic, pH 6.4 to 6.9, while saliva obtained during 
the glands is neutral to slightly alkaline, pH 7.0 to 7.3. 

The solid constituents of saliva comprise albumins, 
enzymes, urea, uric acid, and inorganic salts. 
markedly in concentration from those of blood gs 


‘‘Resting’”’ saliva is 
active stimulation of 


globulins, mucin, 
The inorganic components differ 
erum, but the nonprotein nitrog- 
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nous constituents (urea, uric acid, NH, salts) appear to bear some relationship 
0 these same constituents in the blood. Amino acids are absent and glucose 
ecurs in extremely small amounts in the saliva of healthy individuals (11-30 mg. 
er 100 ml.) (Young). The salivary glands, therefore, appear to be quite 
elective in their secretory action. 


The chief inorganic ions present are K*, PO, and Cl, with smaller 
mounts of Na*, Ca**, and SO,-. Some of these may combine to form insoluble 
recipitates. This may be aided by changes in the pH brought about by decom- 
osing food material left between the teeth or by evaporation of CO,, held in 
olution in the saliva, as soon as it meets atmospheric conditions. Thus ‘‘tartar’’ 
1ay be formed. This consists chiefly of calcium carbonate and phosphate. 
‘alivary calculi sometimes are formed in the ducts and are similar in composi- 
ion to tartar; namely, Ca,(PO,), or CaCO,. It is usually stated that a clump 
f bacteria or a foreign body, such as a blood clot, establishes a nucleus around 
yhich the precipitation of these salts occurs. However, calcium oxalate may be 
he precipitated salt, which, together with mucin and globulin, may form the 
aleulus. Increased acidity is necessary for oxalate calculus formation. 


Functions of Saliva 


Saliva has a digestive function due to the enzymes present, but it also has 
ther functions. It moistens and lubricates the food, permitting it to be 
wallowed easily. Saliva holds the taste-producing substances in solution, and 
o brings them in contact with the taste buds. It dilutes salts, acids, ete., there- 
y protecting the mucosa. It also has a cleansing action on the teeth, gums, and 
uceal mucosa. It owes its viscous and lubricating property to its content of 

ucin. This glycoprotein is present as an alkaline salt, which is soluble at the 
H of saliva, but is precipitated on acidification. It is one of the chief buffers 
resent in saliva. Some authorities maintain that saliva has an excretory fune- 
ion, since certain elements and drugs are found in it after administration. 
mong these are mercury, lead, and potassium iodide. Any part of these lost 
expectoration could be considered excreted, but some of the part swal- 
wed may be reabsorbed. Hence it is difficult to see how this can be called 
true excretion. The same is true of the traces of urea, uric acid, and am- 

onium salts ordinarily found in saliva. 





Enzymes of Saliva 


The principal enzyme of human saliva is an amylase, ptyalin. There are 
so present a maltase, a catalase, a lipase, a urease, and a protease, but these are 
li unimportant. The saliva of the lower animals is not comparable with that of 
an, since the same enzymes may not be present. No amylase is found in the 
liva of the sheep, goat, dog, or cat. 

Salivary Amylase—The amount of this enzyme present in the saliva of the 
ifant is very small until the fourth or fifth month of life. At the age of 1 
ear the amylolytic power is about as great as in the adult. In old age it 
gain becomes much weaker. 
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The optimum reaction is pH 5.6 to 6.5, depending upon the substrate, 
but it can act over a range of pH 4 to 9. As previously stated, the reaction of 
saliva is from pH 6.4 to 7.8. It is evident that saliva, as secreted, has a hydrogen 
ion concentration suitable, and frequently optimal, for the activity of its chief 
enzyme. It is not until a pH of less than 4 is reached that the amylase is inae- 
tivated. As will be seen, this occurs in the stomach where the acid gastric juice is 
secreted. However, salivary digestion may proceed in the stomach for from 
fifteen to twenty minutes after the saliva-impregnated food is swallowed. The 
time depends upon the rate of secretion of gastric juice, the type of food present, 
and the buffering action of the mucus present in both the saliva and gastrie 
juice. Once the acidity has reached pH 4.0 or thereabouts, salivary digestion 
stops. 

The action of salivary amylase is entirely on the polysaccharides, starch and 
glycogen, and their derivatives. For its action it requires the presence of certain 
negative ions as activators. Chlorides and bromides are most effective, with 
iodides and nitrates next in value and sulfates, phosphates, and acetates still 
less effective. It converts starch to soluble starch, and this, through the series 
of dextrins, to maltose. Maltose is split off all along the line. Finally, a small | 
proportion of the maltose may be hydrolyzed to glucose by the maltase present, 
This, however, occurs only to a very slight extent. | 


GASTRIC DIGESTION 


Gastric juice consists of water (99.4 per cent), HCl, mucins, and the 
enzymes pepsin and lipase. The hydrochloric acid is secreted by the pari- 
etal cells and the pepsin by the chief cells. According to Glass and Boyd, the ~ 
gastric mucous substances comprise (1) the mucoid of the visible gastric mucus, — 
secreted by the surface epithelium, (2) dissolved ‘“mucoproteose,’’ a digestion 
product of the visible gastrie mucus, and (3) “glandular mucoprotein,’’ Se- 
ereted by the neck mucous cells of the gastric glands. ‘‘@landular mucopro- 
tein’’ is considered by these authors to be the main carrier of the ‘‘intrinsie 
factor’? of the human gastrie juice, (See page 196.) 


Early Experiments on Gastric Digestion—Reaumur (1683-1757) experimented chiefly 
on a bird, a kite. He caused the bird to swallow perforated metallic containers of food and 
discovered that the food was dissolved out. The same type of experiments was repeated 
and extended by Abbé Spallanzani (1729-1799). Using himself as the experimental animal, 
he swallowed sponges attached to strings, withdrawing them and Squeezing out the gastric 
juice, and demonstrated the solvent power of gastric juice outside the body. He also discov- 


ered that it prevents putrefaction, but he failed to recognize the acid character of this fluid. 
Carminati, at about the same time, declared that i 


acid after partaking of food. Werner, in 1800, and others confirmed Carminati ’s observation, 
but, in 1812, Montegre, who was able to vomit whenever he wished, declared that gastric juice 
contained no acid, was not a food solvent, and was probably only swallowed saliva. In 1824, 
an English scientist, Prout, proved gastric juice to be acid and that the acidity was due to 
HCl. This was independently discovered by Tiedemann and Qmelin. It is evident that 
knowledge of gastric physiology was chaotic at the beginning of the nineteenth century. In 
fact, Magendie, who was one of the leading physiologists of that time, stated in his text: 
book that gastric juice was without digestive power outside the body, and the general — 
opinion was that any digestion taking place in the stomach was due to mechanical, rather 
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an to chemical, action. It was an American Army surgeon, Beaumont, who brought order 
it of chaos in this field. In 1822 an accidental discharge of a shotgun near the upper ab- 
men of a young French-Canadian, Alexis St. Martin, resulted in a permanent gastric fistula 
or many years Beaumont was able to make observations and to obtain human gastric satis 
rough this opening. He confirmed the facts of the acidity of gastric juice and its solvent 
wer and studied the temperature, movements, and appearance of the interior of the stomach. 
mong his numerous physiological observations was the fact that the presence of certain foods 
| the stomach stimulate secretion and that intense emotions inhibit it. He studied the rela- 
ve digestibility of different common foods, and nutritionists agree that his conclusions are 
Bocetly sound. In fact, there are very few of his observations which have not stood the test 
time, and they have become the foundation of modern gastric physiology. 


Beaumont maintained that there must be some ‘‘principle’’ present with digestive ac- 
vity. In 1836 the actual discovery of pepsin was made by Schwann, who showed that boiled 
istric juice, although still acid, had no digestive power. He gave this active principle the 
ime pepsin, from a Greek word meaning digestion. 


Later, Heidenhain devised and, more recently, Pavlov improved methods for producing 
cessory stomachs in experimental animals. These involve detaching a flap from the stomach, 
verting this in such a way that it forms a pouch with an opening through the body wall and 
‘in of the animal. Blood and nerve supply must be unharmed, and consequently a flow of 
ire gastric juice, uncontaminated by food, and under the same nervous and vascular conditions 
| the main stomach, is obtained. Using such ‘‘ Pavlov pouch’’ dogs, scientists have made 
any contributions to the physiology and biochemistry of gastric digestion. 


Gastric Juice 


The secretion of gastric juice is said to be continuous in man but this is not 
brtain. It is intermittent in animals in which experimental conditions are care- 
ally controlled. If it is continuous in man, it is probably at an extremely slow 
te. There are three types of stimuli which increase the flow of gastric juice: 
) Cephalic phase of secretion. Psychic stimuli have long been known to have 
ch an effect. The thought, smell, or taste of food or even an action related to 
od (the conditioned reflex of Pavlov, such as the ringing of a dinner bell) all 
flexly cause an increased flow of gastric juice. The production of low blood 
gar in man by the injection of insulin is followed by an increased secretion 
gastric juice, rich in both HCl and pepsin. The low blood sugar is believed 
be the stimulus for the parietal cell, brought about by a central stimulation of 
e vagus. (2) Gastric phase. When food is present in the stomach, gastrie juice 
ntinues to be secreted longer than would be expected from psyehie stimuli 
ene. Beaumont declared that mechanical stimulation of the mucosa would 
use secretion. This was denied by Pavlov, but in 1925 Ivy and associates 
owed that it is true. Application of a distending foree will produce a 
w of gastric juice after some time. Certain foods and, indeed, specific con- 
ituents of the foods, are powerful stimulants; for example, meat ex- 
actives and the products of protein digestion, the polypeptides (so-called 
oteoses and peptones). These ‘secretagogues’? probably act indirectly ; 
at is. in some way they cause the formation of a hormone in the pyloric 


ueosa that is absorbed into the blood stream, earried back to the gastric 
This hormone, discovered by Edkins, 





ands and stimulates them to secrete. 
ealled gastrin. He found that when the pyloric mucosa was eround up and 


tracted with ‘‘peptones,’’ or other of the stimulating substances, a fluid 
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was obtained which, on intravenous injection, had a powerful secretory ef 
fect. Histamine has a similar secretory effect, but the juice produced is high 
in acid and low in pepsin. However, histamine-free gastrin has been obtained 
by Komarov from an HCl extract of pyloric mucosa, and further evidence for 
the existence of gastrin has been furnished by Grossman and co-workers. 
Dilute ethyl aleohol also stimulates gastric secretion and is often used as a 
test meal. It is possible that aleohol produces its action by liberating hista- 
mine. (3) Intestinal phase. When the products of gastrie digestion leave the 
stomach and enter the duodenum, they have a stimulating effect upon gastri¢ 
secretion. The mechanism of this action is not at all clear, but it is probably due 
to substances present in the foods. These are absorbed and, perhaps, stimulate 
nerve endings. 

Inhibitory Influences.—The activity of the gastric glands may be inhibited 
by depression of the formation of secretagogues. This may occur during the 
psychic phase, as well as during the gastrie and intestinal phases whenever 
digestion or propulsion of food is impaired. Fat has a definite inhibitory ef- 
fect upon gastric secretion. The common belief that greasy foods are ‘‘hard t 
digest’’ rests upon a solid foundation. All three secretory phases, cephalic, gas- 
tric, and intestinal, seem to be similarly depressed, as is also the motility of the 
stomach. The quantity, acidity, and enzymic potency of gastric juice are 
all reduced, but the mechanism is rather obscure. It has been shown that the 
fat causes the production of an inhibitory hormone, enterogastrone, in the in- 
testinal mucosa. Enterogastrone has been purified sufficiently to be tested 
on human beings in certain pathological conditions. It is believed to be a 
mixture of a secretion inhibitor and a motility inhibitor, which can be sepa- 
rated from each other. Another inhibiting effect is that of the hydrochlorie 
acid secreted.. This is termed ‘‘acid inhibition.’’? When the gastric contents 
reach a certain threshold, perhaps 0.03 N in human beings, secretion begins to 
slow up, and at about 0.10 N the acid-forming cells are almost completely in- 
hibited. The intestinal phase of gastric secretion is similarly affected. Acid 
inhibition is probably brought about also by the enterogastrone mechanism. 

Inhibitors of carbonic anhydrase have also been shown to have a depres- 
sant effect upon the secretion of gastric HCl. This enzyme may play some role 
in the formation of HCl by the gastric mucosa and its inhibition would be 


expected to decrease the secretion of HCl. (Davies and Edelman, 1951; 
Janowitz. ) 


Hydrochloric Acid 

The secretion of a strong mineral acid by the gastric mucosa is almost 
unique from a biological standpoint. At the instant of secretion by the parietal 
cells it has a concentration of about 0.17N and a pH of 0.87. Pure parietal 
secretion apparently contains no phosphate, neutral chloride, or combined 
acid. ‘qt is practically free from everything except HCl and is approximately. 
isotonic with blood plasma and the body fluids. According to Hollander, it 
is of remarkably constant composition. How, then, does the parietal cam 
manufacture such a strong acid from fluids, such as blood plasma and tissue 
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d, which are neutral or slightly alkaline (pH 7.3)? There have been a 
mber of theories to account for this phenomenon, but only one will 
outlined here. It has recently been formulated by Hollander, and it takes 
o account the fact that the parietal cells contain a high concentration of 
‘bonic anhydrase, which eatalyzes the following reaction: 


H,O + CO, =& 


Ht 


hae tL Ose 


is is a reaction, which, as is well known, proceeds in either direction by it- 
f, but the enzyme hastens it enormously. The scheme in Fig. 30 illustrates 
s hypothesis. 


CHEMISTRY OF HCl 





Interstitial 
Fluid 


Pig. 30.—Chemistry of HCl formation by the parietal cell. 
Hollander. ) 
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(Courtesy of Dr. Franklin 


Since uncontaminated parietal secretion is entirely devoid of cations other 


n H*, and of anions other than C 
acellular canaliculus is permeable only to these ions and to water. 


l-, it is assumed that the membrane of the 


On the 


er hand, the cell membrane separating the parietal cell from the interstitial 
must be permeable to a variety of ions, including Na*, HCO,-, Cl, lae- 
-, and to CO, and O>. The actual formation of H-ions occurs in the eanalic- 
wall by the hydrolysis of water: 


H,O <= Ht 


+ 


0) i 
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This reaction proceeds to the right because of the selective permeability of th 
membrane, whereby H* ions are passed into the gastric juice along with © 
ions, and because the OH- ions may immediately be combined with the H* ions 
formed by the dissociation of the H.CO;. The formation of this acid is ae 
celerated by the carbonic anhydrase in the cytoplasm of the parietal cell. The 
CO., which gives rise to it (on combination with water), is derived from CO, 
diffusing into the cell or resulting from oxidation due to metabolic processes 
Phosphates and lactates also yield H* to neutralize the OH- formed. If no 
buffered, this base might well injure the tissue and be the cause of ulcers 
(Davies and Edelman, 1951.) 

It is to be noted that the blood plasma ultimately receives alkaline factor 
during or after acid gastric secretion. This harmonizes with analyses of th 
blood at such times and also with the fact that usually soon after meals th 
urine secreted is alkaline. This so-called ‘‘alkaline tide’’ is one of the mech 
anisms for keeping the hydrogen ion concentration of the blood quite constant 

Functions of HCl and Factors Decreasing Its Strength—The HCl of the 
gastric juice provides a favorable pH for the activity of pepsin. Besides this 
most important action, it serves other purposes. It has some physical action on 
the proteins, swelling some and making them more easily digested. It has a 
slight hydrolytic action, perhaps more on the disaccharides than on other food: 
stuffs, but even here it is not of great significance. Another action of HC 
is to convert the colloidal Fe(OH);s, found in some foodstuffs, into mono 
molecularly dispersed ferric ions. Then these and any other ferric ions pres: 
ent are more readily reduced to ferrous ions at pH 5 or lower by ascorbic acid 
cysteine, or the -SH of proteins, which may be in the food (Granick). The 
strong acid also has.a strong antiseptic action. Alvarez says, ‘‘Contrary to popu 
lar belief, there is rarely any fermentation in the stomach. Its contents are too 
acid and the food does not remain long enough for gases to be formed... .’’ If 
the gastric contents were sufficiently acid at all times, infection could never enter 
the body by the gastrointestinal route. Undoubtedly a great many infections 


are prevented by this means, but the gastric acidity is decreased by various fae 
tors. These include: 


1. Variations in the rate of parietal secretion (the composition is constant 
but the rate may vary) 


. Dilution by the secretions of the other cells, especially mucus 

. Dilution and buffering by food 

- Dilution and buffering by the saliva that is swallowed 

. Regurgitation of duodenal fluid and bile 

- Dilution and neutralization by a distinct ‘dilution secretion”’ 


& Ol # GW bO 


. The “dilution secretion’’ may be formed by the cuboidal cells. It is pos 
sibly produced in order to dilute the stomach contents to proper concentratior 
n of mucus is undoubtedly of great value. It has 


a high buffering power and must aid in slowing up the acidification of stomach 


contents. 
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Enzymes 


P epsin, a powerful proteinase, is present in the chief cells as the zymogen, 
e ogen. This is inactive. It has been crystallized by Herriott. The con- 
rsion of pepsinogen to pepsin is autocatalytie at pH 4.65 or below; that is, in 
id solution a minute amount of pepsin is all that is necessary to be produced 
om pepsinogen, and then the pepsin converts the pepsinogen rapidly to pep- 
2. The fact that pepsin exists in the inactive form can be readily demon- 
rated, since pepsin is more sensitive to alkali than pepsinogen. A neutral 
tract of gastric mucosa is divided in two parts. Part A is acidified and can 
shown to digest protein; it contains pepsin. Part B is treated with an equal 
hount of water; it will not digest protein in neutral solution and presumably 
ntains pepsinogen. Both are now made alkaline (pH 8.3); then they are 
utralized and acidified to pH 2 or less. Part A will now be found to be in- 
pable of digesting protein, while part B, the pepsinogen, has been unaffected 
’ the alkali, and now has proteolytic power. 

Action of Pepsin.—Pepsin, in acid solution, attacks nearly all native pro- 
ins. Exceptions are the keratins, silk fibroin, the mucins and mucoids, and 
e protamins. Pepsin attacks definite types of peptide linkages, and since most 

these happen to be centrally located in the various protein molecules, the 
lit products are, in general, rather large polypeptide chains. Linkages known 
be split by pepsin are those peptide bonds joining the amino group of phenyl- 
anine or tyrosine to another amino acid. (Fruton and Bergmann.) Probably 
her linkages are also broken by pepsin, since gelatin, which is readily digested 
| pepsin, has practically no tyrosine and very little phenylalanine in its 
lecule. It is usually said that pepsin splits the proteins to ‘‘proteoses’’ and 
eptones,’’ but some free amino acids are detached, although not to a very great 
ent. It has been shown that pepsin can split short chain peptides if the char- 
eristic peptide linkage demanded by pepsin is present. In a general way, then, 
psin digests the proteins into relatively large digestive products, with the re- 
se of smaller amounts of short chain peptides and free amino acids, notably 
osine and phenylalanine. The optimum pH of peptic activity varies from 
to 2.2, depending upon the substrate. 
Some textbooks include rennin, another proteolytic enzyme, among gastric 
es, but this is incorrect. Rennin occurs in the fourth stomach of the 
f and, probably, of other young ruminants. Its action is to ‘‘elot’’ milk. 
is it does by a slight digestive action upon casein. ‘‘Paracasein’’ is pro- 
eed and this, in the presence of Ca**, precipitates as calcium paracaseinate. 














Rennin 
Ca-Casein ————— Paracasein + Ca** 
soluble 
Insoluble 


psin will effect the same reaction at an early stage of its digestion of casein, 

particularly at a pH of about 5.0. Other proteinases are similarly active. 
fore these facts were known there was a controversy as to whether rennin 
lly existed. Was not the rennitic action simply one phase of peptic action? 
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However, it has been shown that the two enzymes have quite different S0- 
electric points, optimum pH’s, composition, and other properties. ‘it was 
then assumed that both enzymes were present in human gastric juice, but 
it has been quite definitely proved that there is no rennin in adult human gastric 
juice. There would seem to be no need for rennin since Casein is precipitated 
both by pepsin and by HCl and is thus held in the stomach for further di 
gestive action. (Tauber; Dotti and Kleiner. ) 

When milk alone is ingested by young children, there is only a moderate 
fall in pH, not sufficient for optimal proteolysis. In fact, only minimal pro- 
teolysis occurs under these conditions in the stomach, and much of the clotted 
milk remains here only a relatively short time. The main burden of protein 
digestion is shifted to the enzymes secreted into the small intestine. (Wolman.) 

Gastric Lipase.—The lipase of gastric juice is of little importance be- 
cause of unfavorable hydrogen ion concentration. The optimum pH is about 
7.8 (Ito and Kamisasanuki) and conditions in the stomach are not ideal for its 
activity. The effect of this enzyme is to split the fats to fatty acids and 
glycerides. The statement is frequently made that gastric lipase acts only upo i 
emulsified fats. Unemulsified fat would not be easily emulsified in the acid 
gastric medium and therefore would not be split readily by a weak enzyme. It 
is eyident that the enzyme would be more effective on preformed emulsions” 
such as milk, cream, and egg yolk. This enzyme is obviously unsuited to the 
acid gastric medium and is of little importance as a digestive agent. Indeed, 
some authorities are of the opinion that ‘‘gastrie lipase’’ is not secreted by 
the gastric mucosa but is derived from duodenal regurgitation or cellular 
breakdown. 


D 


Gastric Analysis.—The clinical procedures for testing various gastrie fune 
tions include the administration of a test meal, or the injection of histamine or in 
sulin, and the withdrawal by a stomach tube of the gastrie contents for analysis. 
The most widely used test meal is the Ewald meal, consisting of two pieces of dry 
toast, or the equivalent in soda biscuits, or one shredded wheat biscuit and 250 
ml. of water or weak tea. The Boas meal consists of thin oatmeal gruel. Others 
include meat and potatoes, and the most popular recent ‘‘meal’’ is the Ehr- 
mann aleohol meal which consists of 50 ml. of 7 per cent ethyl aleohol. The 
meal is given on an empty stomach and is removed either after one hour or at 
regular intervals. The latter is the Rehfuss fractional system. The stomach 
tube is left in place, and at fifteen-minute intervals a small sample is removed 
for analysis or the entire contents are removed, an aliquot portion reserved for 
analysis, and the remainder returned to the stomach. The single analysis at the: 
end of one hour often gives erroneous data, since the curve of secretory activity 
cannot be shown by one sample (Fig. 31). The material obtained is strained or 
filtered and examined both qualitatively and quantitatively. ‘ 

Qualitative tests include those for butyrie acid, lactie acid, oceult blood, 
bile, and, perhaps, trypsin. The presence of the first two acids would point 
to the presence of yeasts or other microorganisms, and, hence, a lack of f : 
HCl. If blood is present, ulcers, hemorrhages, or other pathological states would 
be indicated. In testing for blood, a meatless test meal is imperative. Hither 
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le or trypsin is evidence of regurgitation of intestinal contents; this is a fre- 
ent normal occurrence. A microscopic examination is also usually made. 
The quantitative procedures are gradually being changed to conform to 
xdern chemical ideas. The total acidity comprises the acidity contributed by 
Cl, organic acids, and acid salts, neutralized or buffered by various constitu- 
ts of the gastric juice and the foodstuffs. The indicators formerly used do not 
ve satisfactory end points. However, if one titrates with a mixture of two in- 
eators, bromphenol blue and phenol red, better results are obtained. Titration 
oceeds until a color change corresponding to pH 3.6 is attained. This gives the 
lue for free acidity. The titration is then continued until pH 7.0 is reached, 
ich furnishes the total acidity value. The difference between the two figures 
ves the value for combined acidity. For accuracy in determining the exact 
ade of color corresponding to the desired pH in each ease, buffer solutions are 
t up of pH 3.6 and 7.0 (using buffer tablets available commercially), contain- 
2 the same indicator mixture (Hollander). The difference between the total 


Tot. Vm ame 


Ac. 
NAO 
Nadi 


60 


30 





Time thr, 2 hr, 


Fig. 31.—Normal and pathological curves after an Ewald meal by the Rehfuss poked te 
d. i, Normal curve; 2, delayed digestion with late hyperacidity; 3, larval hy aietile that 
ardive hyperacidity; 5, marked continued secretion from obstruction. It will be eheige et 
nly the one-hour sample had been taken, the same result would have been obtained e Ci 
es. (From Hawk, P. B., and Bergeim, O.: Practical Physiological Chemistry, ed. = 
ladelphia, 1937, P. Blakiston’s Son & Co., Inc.) 
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dity and free acidity has been assumed to be ‘‘combined acidity’’ (plus 
dity due to organic acids and acid salts). However, this would only be true 
the titration would terminate at the isoelectric point of the proteins pres- 
. Further titration produces alkaline salts of the proteins. Therefore, this 
ue of ‘‘combined acidity’’ is rather a measure of the buffering power of 

gastric contents and depends largely upon the amount of protein present. 
om a clinical standpoint determination of pH or titration of free acid is prob- 
y sufficient. 

It is obvious that normal values will vary according to the test meal as 
ll as to the methods of analysis used. The clinician usually wishes to ascer- 
whether there is hyper- or hypoacidity, high or low pepsin, large or small 
ume secreted, as well as whether abnormal constituents are present. The ab- 
ee of hydrochloric acid is termed achlorhydria. True achlorhydria may 

r in pernicious anemia, gastric carcinoma, and in a number of other con- 
ions. A ‘‘false’’ achlorhydria is observed when the hydrochlorie acid has 
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been combined with the protein of the test meal or has been partly neutralized 
by regurgitated duodenal contents. The latter will have a normal or high to al 
acidity with a low free acidity, while true achlorhydria will have both low tota 
and low free acidity. If the HCl is not entirely absent, but is below normal, the 
condition is called hypoacidity. Hypoacidity frequently accompanies gastric 
carcinoma, as well as many gastrointestinal ailments, such as gastritis and con: 
stipation, secondary anemias, and chronic debilatory diseases. Many normal 
pregnant women have low gastric acidities. Of the conditions in which the 
acidity is elevated (hyperacidity), perhaps the most noteworthy are duodena 
ulcer and gall bladder disease. It should be emphasized that the acidity can 
never exceed a certain value (pH 0.87), since the parietal cells secrete a fluid 
of constant composition. 

Estimation of Pepsin.—There are a number of methods of measuring the 
amount of pepsin in gastric contents. The most accurate methods are not 
adapted to clinical use, and great accuracy is not needed. The classical pro 
cedure is that of Mett. In this method, small glass tubes are filled with egg 
albumin and then boiled to coagulate the protein. They are then placed in defi- 
nite amounts of the gastric fluid for a number of hours, and the length of the col 
umns of digested protein, which can easily be seen because the columns become 
transparent, is measured in millimeters. A simple calculation gives the amount 
pepsin, A quicker and easier method is based on the milk-clotting power o 
pepsin. Cow’s milk diluted with a buffer of pII 5.0 is used as a substrate. The 
gastric fluid is diluted in a definite way and the smallest amount of this whi 
will clot 10 ml. of buffered milk in ten minutes is determined. The calculation 
of the number of clinical units present is very simple. In patients having peptic 
ulcers there is usually a high pepsin value, while in pernicious anemia, cirrhosis 
of the liver and various chronic gastric ailments a low pepsin content is found. 
(Barowsky; Tauber and Kleiner.) 


DIGESTION IN THE SMALL INTESTINE 


Digestion in the small intestine is subject to many influences acting si 
multaneously or in rapid succession. These are both physiological and chem- 
ical in nature and may have both physiological and chemieal effects. The di- 
gested food material leaving the stomach, the ‘“chyme,’’ is acid in reaction. Quite 
naturally it influences the hydrogen ion concentration of the duodenal con- 
tents, which are also subject to the alkaline influence of the bile, pancreatic 
juice, and the intestinal secretions. These are thrown into the tract at nearly 
the same site one after the other. The acid also has a role in causing the pan- 
creas to begin its secretory action. Bayliss and Starling found that an HCl ex- 
tract of intestinal mucosa, upon intravenous injection, accelerated pancreatic se 
cretion. They claimed that an inactive substance in the mucosa was converted 
to an active one by HCl. The first was termed ““prosecretin’’ and the second, 
“‘secretin,’’ but it is now rather definitely established that secretin occurs in the 
mucosa preformed and in some way is liberated by the action of the HCl of 
the chyme. It is absorbed into the circulation and carried to the pancreas, where 
it stimulates the secretion of pancreatic juice. Secretin appears to be a long- 
chain polypeptide of basic reaction. Another hormone, pancreozymin, causes 
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stimulation of the secretion of enzymes by the pancreas. It is found only 
the upper intestinal mucosa, whereas secretin is found also in the gastric 
acosa. Pancreatic secretion is under nervous control also, the impulses com- 
2 by way of the vagus nerves. 


Reaction of the Intestine 


The reaction of intestinal contents will vary considerably for reasons men- 
med, as well as for others. In the nursing infant, according to MeClendon, 
e duodenal content is more acid than the average gastric acidity. This is due 

the rapidity of the emptying of the stomach. Undoubtedly peptic digestion 
ntinues in the intestine. However, in the adult the mechanisms for taking 
re of the high acidity of the gastric chyme are very efficient. The three secre- 
yns poured into the duodenum all have high buffering qualities, the pancreatic 
ice particularly. As a consequence, the high acidity is rapidly reduced; 
e lower duodenal contents of the human being ordinarily have an acidity 
nging from pH 4.5 to 5.1, and when the ileum is reached the pH is from 5.9 
6.5. 


Mann and Bollman found in experiments on animals that different foodstuffs have 
scific effects on the reaction of the duodenal contents. Protein produces the most acid, 
rbohydrate next, and fat least. This action of fat provides a more suitable medium for its 
estion. It is suggested that interference with the neutralizing mechanisms, coupled with 
ooh protein intake, might be of importance in causing ulcers of the gastrointestinal tract. 
chanical factors, such as the direction of the flow of chyme, seem to determine the site of 
) ulcer. Recent work indicates that both the pepsin and the HCl of the gastric juice are 
nsative factors in ulcer formation, whereas formerly high acidity alone was held responsible. 





Pancreatic Juice 


The pancreatic duct joins with the common bile duct to form the ampulla 
Vater; thus pancreatic juice and the bile empty into the duodenum at the 
e point. The total volume of pancreatic juice secreted daily has been es- 
ated at about 500 ml., but this is little more than a guess. The solids present 
ount to about 1.3 to 1.4 per cent; the specific gravity is about 1.007; and 
said before, the fluid is alkaline, with a pH of about 8. The alkalinity is 
e to NaHCO,. Since carbonic anhydrase is present in pancreatic tissue, and 
ce the administration of an inhibitor of this enzyme has been shown to de- 
ase the bicarbonate content of pancreatic juice, it is probable that most of 
HCO.- is produced according to the following reactions (Hollander) : 

Carbonic 


co, + H,Q ——— H.CO, — > H* + HCO,- 
anhydrase 


secreted it contains several powerful enzymes, at least two of which are 
sent as the zymogens. 

Two proteinases present are trypsin and chymotrypsin. They are in the 
ogen form, trypsinogen and chymotrypsinogen, respectively. Trypsinogen 
hanged into trypsin by enterokinase secreted by the intestinal mucosa. This 
nt, sometimes termed an activator of the enzyme, has now been definitely 
wn by Kunitz to be an enzyme. Similarly, chymotrypsinogen is transformed 
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into the active chymotrypsin by trypsin. Both attack proteins, splitting off 
peptide chains of varying length, and amino acids. Trypsin, however, 1s most 
effective on partially digested proteins. In fact, it digests collagen, ovalbumin 
serum globulins, and hemoglobin very slowly, unless they have been denatured, 
in which ease they are rapidly digested. However, trypsin attacks certain 
proteins—the protamines and histones—which cannot be digested by pepsin, 
Each of the proteinases is quite specific in regard to the configuration of the 
peptide bonds which it ‘‘unlocks.’’ The peptide linkage specially attacked by 
trypsin is one containing the carboxyl group of either lysine or arginine; that 
is, there is a basic group in the side chain immediately adjacent to the point 
of attack. The net result of trypsin activity is to break down the products 
of peptic digestion still further and to digest those proteins which pepsin can- 
not attack. The products are amino acids and various polypeptides. Chymo- 
trypsin catalyzes the hydrolysis of the various protein breakdown products re- 
sulting from peptie and tryptic action. Again definite linkages are involved. 
Those peptide bonds containing the ecarhoxyl group of the aromatic amino 
acids, tyrosine and phenylalanine, are split by this enzyme. The products are 
amino acids and simpler polypeptides. The optimum pH for both trypsin and 
chymotrypsin is in the neighborhood of 8 to 9. < 

At least one peptidase is present in pancreatic juice, carboxy-peptidase. 
This attacks an end-peptide linkage—that end having a free carboxyl group. 
Thus free amino acids are split off from dipeptides and higher peptides. This 
enzyme was formerly referred to as erepsin. Its optimum pH is about 7.4. 


Fee Ose th "| H 138 1 Ish el 
ig ee ed Carboxy- lr 0 
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| | L peptidase | | HO 
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Pancreatic juice also contains two enzymes which break down the two 
types of nucleic acid, yeast nucleic acid and thymus nucleic acid. They are desig- 
nated “‘polynucleotidases’’ or simply nucleases. Their action is to split these’ 
complex compounds into their component mononucleotides, of which each con- 
tains four or more (see Chapter Ahab 

The most powerful amylase of the digestive tract, amylopsin, is another of 
the enzymes present. Its action is similar to that of salivary amylase, con- 
verting starches through the soluble-stareh stage to the various dextrins and to 
maltose. It acts in neutral, slightly acid, and slightly alkaline reactions with 
an optimum pH from 6.3 to 7.2, depending upon the presence of different new 
tral salts. Consequently this enzyme accommodates itself to the varying hy- 
drogen ion concentration of the intestinal medium. As is the case with the 
salivary amylase, pancreatic amylase requires the presence of Cl-, or Br-, of 
the like, as activators. Indeed, Meyer and co-workers, who have succeeded 
in crystallizing human pancreatic amylase, found it to be indistinguishable 
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‘om human salivary amylase. Its action is aided by the removal of the end 
roduct maltose. This occurs as the maltase of the intestinal juice catalyzes 
ie hydrolysis of this disaccharide to glucose, which in turn is hastened by the 
bsorption of glucose. | 


Amylase Maltase Misorhed 
Starch Maltose . Glucose —— 


ancreatic juice itself appears to contain no maltase, but it may contain two 
her saccharidases, namely, lactase and sucrase, which hydrolyze lactose and 
icrose, respectively, to their monosaccharide constituents. 

There is present in pancreatic juice a fat-digesting enzyme, steapsin, 
hich is relatively weak as secreted. Whether the lipase is present as a zymo- 
en or not is not definitely known. At any rate its action is tremendously 
scelerated (or the zymogen is activated) in slightly alkaline solution by a 
amber of different types of substances—calcium salts, soaps, albumin, cer- 
‘in peptides, and, notably, bile salts. Its action is to hydrolyze fats to free 
itty acids and glycerol at an optimum pH of about 7. 


CH,0-CO:C,,H;, CH,OH 
| Lipase 
CHO:CO:C,,H;,; + 3H,O ———> CHOH + 3C,,H,,COOH 
| ly ae 
CH,O-CO-C,,H,, CH,OH Palmitie acid 
Tripalmitin Glycerol 
According to Frazer and Sammons, the above reaction is not completed by 





ase under conditions similar to those prevailing in the duodenum. During 
e hours of in vitro digestion of olive oil by pancreatic lipase, no free glycerol 
uld be demonstrated. Lower glycerides and fatty acids were formed. Simi- 
rly, material recovered from the intestines of rats, fed olive oil, contained fatty 
ids and lower glycerides. This harmonizes with the finding of the Frazer 
oup that an emulsifying system for fat, which is effective under physiological 
nditions (and efficient emulsification is a prerequisite for fat digestion), is the 
iple combination fatty acid-bile salt-lower glyceride. The formation of lower 
cerides, that is, mono- and diglycerides is as follows: 


CH,0O : CO e OFS OS F CH,O . CO 3 (Cease, 
°H.O Lipase 
CHO-CO-C,,H:; Le vs —_____> sata + 2C,,H,,COOH 
dao -CO-C,,H;; CH,OH 
Tripalmitin Monoglyceride Palmitie acid 
(a triglyceride) 
TE A@. Lipase CH,0-CO-C,,Hs; 
CHO-CO-C,,H;, + C,;H;,COOH 
CH,OH 
Diglyceride Palmitie acid 


ere is also an esterase present which splits esters composed of monohydrie 


ohols and monocarboxylic acids. 
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In the pancreatic juice of man and other animals there is found an alka 
line phosphatase which hydrolyzes organic phosphates. (Grossman.) ‘‘Pan 
creatin,’’ which is the dried extract of hog pancreas, contains most of these a 
well as certain other enzymes. Among the latter is a cholesterol esterase 
which hydrolyzes cholesterol esters, and also has the reverse, or esterifying, 
action. (Treadwell.) It requires bile salts for its activity. It is present i 
human pancreatic juice as well as in pancreatin. 


Intestinal Juice 


The secretion of the intestinal mucosa is at least partly under the control 
of the nervous system. Mechanical stimuli reflexly cause a flow of this fluid 
It is probable that secretin exerts a hormonal effect for this secretion as well as 
for pancreatic secretion and for bile secretion. There is also a specific hormone 
enterocrinin, secreted by the intestinal mucosa, which stimulates the mucosal 
glands. Both the volume of fluid and the content of enzymes are increased by 
enterocrinin. (Nasset, Pierce, and Murlin.) Intestinal juice is not as definite 
an entity as gastric or pancreatic juice, because it varies at different levels of 
the intestinal canal, and because its composition is not nearly as constant at 
different periods. Moreover, there seem to be two different types of secretion ; om 
has digestive powers and the other, secreted periodically at about two-hour 
intervals, contains mucin and excretory products. It is usually quite turbid 
because of the presence of leucocytes, epithelial cells, and mucus. The total 
solids amount to about 1.5 per cent, about half of which is NaCl, NaHCO,, and 
other inorganic salts. It has a pH of about 8.3. The organic material com- 
prises mucin and a number of different enzymes. Some of these enzymes are 
undoubtedly not actually secreted but are present in the leucocytes and epithelial 
cells, which disintegrate and liberate their enzymes. Moreover, since it is diffe 
cult to obtain intestinal juice, most studies have been on extracts of the mucosa. 
Hence we are not sure whether all the enzymes ascribed to intestinal juice are 
actually secreted or are in the mucosa, where they do their work as intracellular 
enzymes. | 

The saccharidases, maltase, sucrase (or invertase), and lactase, split the 
disaccharides, maltose, sucrose, and lactose, respectively, into their constituent 
monosaccharides. Enterokinase is the enzyme which transforms trypsinogen 
into trypsin. There is an amino-peptidase which splits off an amino acid from 
a peptide at the end having a free amino group. | 


i r Nel ial (@! H ‘sh H 
| Piet |e re | Amino- 
Bb oe ye Gee meee eer a Rohe ee 
| | | peptidase | \oH 
NH, R” R NH 
+H,0 | : 
Hi 0" SH eH 
H 
=~ | I a 
+ N— C—C—N—O~— Chain 
Toe | 
lade R 


There is also a dipeptidase. Thus, apparently, the final stage in the breakdown 
of the proteins to amino acids takes place. A lipase, which is activated by bile 
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lts, is present in the succus entericus of the dog and of man, but it is probably 
t of high activity. An amylase also occurs in the intestinal juice. 

Three enzymes which decompose nucleic acid to its constituents are present 
re, also. They are the nucleases, phosphatases, and nucleosidases. The nu- 
eases attack nucleic acids, releasing the mononucleotides in each (see Chap- 
r 15). The phosphatases, which are not specific for nucleotides, hydrolyze 
em to phosphoric acid and purine or pyrimidine nucleosides. The nucleo- 
lases complete the digestion of the nucleosides to purines, pyrimidines, and 
gar. Some nucleosides are absorbed unchanged. 

Thus intestinal digestion seems to be directed toward complementing the 
her digestive actions, finishing the hydrolysis of nucleic acid, disaccharides, 
nple peptides, and organic phosphates. The small molecules so produced are 
ore readily absorbed. 

Bile 

The bile is secreted, probably continuously, by the liver and passes into 
e hepatic ducts and into the common duct. It fills the gall bladder, via the 
stic duct, and tends to distend all ducts and the gall bladder between digestive 
riods. The bladder wall, during these intervals, absorbs water from the bile 
ntained in it, thus producing a highly concentrated bladder bile and making 
pre space for the liver secretion. It also absorbs HCO,-, Cl-, Nat, and perhaps 
her inorganic ions. Although bladder bile by this process is four or more 
mes as concentrated as hepatic bile, both have the same osmotic pressure as 
at of blood serum. Gall bladder bile is slightly acidified in the process of con- 
ntration. The other constituents of bile do not appear to be absorbed to any 
preciable extent by the normal gall bladder. The hepatic secretion is not 
der nervous control. It can be accelerated by various substances; secretin 
d bile salts are notable examples, bile salts being by far the more effective. 
ese are usually referred to as ‘‘cholagogues.’’ It has been suggested, how- 
er, that they be termed ‘‘choleretics,’’ the word cholagogue being reserved for 

stances which stimulate the gall bladder to contract and thus bring about 
6 flow of bile into the duodenum. The latter is under nervous, hormonal, and 
d control. Ordinarily the sphincter at the junction of the common duct and 
duodenum is closed. The ducts are kept filled with bile by hepatic secretion, 
d upon increase of pressure the bile passes into the gall bladder. Although 
gall bladder wall is very thin and has few muscle fibers, it probably does con- 
et feebly and, perhaps, the sphincter of Oddi relaxes simultaneously. There 
ms to be a nervous mechanism for controlling this phenomenon, but it is not 
ar just how this acts. In regard to hormonal control, Ivy obtained an acid ex- 
et of intestinal mucosa which on intravenous injection caused contraction of 
e gall bladder. The hormone involved is not secretin but is apparently similar 
it. It has been named ‘‘cholecystokinin.’’ The two hormones can be separated 
absolute alcohol extraction; secretin is thereby removed. Even more effective 
n the hormone as a stimulus for the discharge of bile is fatty food. Pro- 
n and carbohydrate have little effect, but emulsified fats like cream and egg 
Ik call forth a profuse discharge of bile. No explanation for this has been 





en. 
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Composition of Bile—Human bile as secreted by the liver is clear, golde 
or brownish yellow in color, but sometimes olive green. It has a bitter tas 
and is a viscid slimy fluid. It is alkaline with a pH of from 7 8 to 8.6, but bla 
der bile may be even as acid as pH 6.5. The daily volume has been various. 
estimated at from 500 to 1,100 ml. In one ease of biliary fistula there was ¢ 
output of 525 ml. in twenty-four hours. Bile contains the following chara 
teristic substances: bile pigments, bile salts, and cholesterol. There are, in a 
dition, variable quantities of mucin, lecithin, inorganic salts, and urea. Hepat 
bile contains about 1 to 4 per cent solid matter and bladder bile as much as | 
per cent. The high solid content of the latter is due to the absorption of wate 

In Table XXV is given the range of various constituents in bile as four 
by several investigators. 

TABLE XXV 
COMPOSITION OF BILE 





























BLADDER BILE LIVER BILE 
Water 82.3-89.8 96.5-97.5 
Solids 10.2-17. 2.5-3.5 
Bile salts 5.7-10.8 0.9-1.8 
Mucus and pigments 1.5-3.0 0.4-0.5 
Cholesterol and other lipids 0.5-4.7 0.2-0.4 
Inorganic salts 0.6-1.1 0.7-0.8 





Bile Pigments.—The bile pigments, bilirubin and biliverdin, give bile - 
color and are considered to be excretory products. Bilirubin predominat: 
Oxidation and reduction produce a series of varicolored compounds, some 
which have received definite names. 

SUH + 4H, + H, - H, 
Urobilin <— Urobilinogen <— Bilirubin <— Biliverdin —~ _ Blue, yellow, e1 
brown colorless red green 
The Gmelin test is based upon this color reaction. Concentrated nitric acid, 
overlaid with urine or other fluid which may contain bile pigments, will oxid- 
them at the junction of the two fluids, producing a rainbow of colors as a positi 
reaction. 

The bile pigments are derived from the heme of the hemoglobin of ‘‘wo1 
out’’ red blood cells. They are formed in the reticulo-endothelial cells. The 
are some cells of the reticulo-endothelial system in the liver, the von Kupf 
cells, and consequently a small fraction of bilirubin originates in the liver itse 
Most of the bile pigment, however, is produced by the reticulo-endothelial ce 
in other parts of the body, whence they are transported to the liver for 
cretion (Fig. 32). Involved in the formation of bile pigment are (1) denatu. 
tion of the globin of hemoglobin, (2) splitting off of the denatured globin, ( 
the oxidation of the a-methene carbon atom and the opening of the tetrapyrn 
ring at this point, and (4) the removal of iron. (See page 239.) The ix 
removed is utilized for the manufacture of new heme. (Granick and Gild| 
Drabkin. ) 

Biliverdin is next reduced to bilirubin by the addition of two hydrog 
atoms at the double bond attached to the central y-methene group. After 
bile passes into the duodenum, bilirubin is further reduced by the bactes 
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flora. One product is the colorless urobilinogen (mesobilinogen), in whie 
four hydrogens are attached at the two double bonds of the chain and fou. 
more are used to convert the two vinyl groups to ethyl groups. Urobilinoger 
on contact with air, is oxidized to urobilin (mesobilin). Another reductio 
product is stercobilinogen, which is oxidized to stereobilin. The two latte 
compounds are excreted in the feces. Some authorities are of the opinio 
that they are identical with urobilin and urobilinogen, respectively. Some c 
the urobilinogen is absorbed by way of the portal circulation and is mostl 
eliminated again by way of the bile, after reconversion to bilirubin, but 

small amount of it is excreted unchanged by the kidneys. In the urine th 
urobilinogen may be reoxidized, on standing, to urobilin, Schematically thes 
reactions may be shown on the following page. 

The theory that a bilirubin-globin complex circulates in the blood, an. 
is normally split by ‘‘liver action,’’ is being abandoned. This hypothesis we 
formulated to explain the excretion or nonexcretion of bile pigments in di) 
ferent types of jaundice, as well as to account for the direct and indirect va 
den Bergh tests (see page 597). There is, however, a specifie bilirubin com 
bining protein in blood plasma, a,-globulin. It is possible that this combine 
with bilirubin under certain pathological conditions and becomes a colloids 
complex. Crystalloidal bilirubin, besides being easily secreted by the liver int 
bile, which is the normal process, is also easily excreted by the kidney if it is pre’ 
ent in the blood. This occurs when the bile ducts are obstructed and the bile 
dammed back into the liver and consequently into the circulation. Henee, > 
obstructive jaundice bilirubin is found in the urine. However, if for ar 
reason there is an accumulation of colloidal bilirubin, this larger molecule wi 
not be eliminated in the urine. Neither the normal liver nor the normal kidne 
can secrete this larger molecule. In hemolytic jaundice there is an overprodu 
tion of bilirubin, which is apparently largely converted to the colloidal forr 
Much of this circulates in the blood, but is not excreted by the kidney. The 
is also thrown into the intestine increased amounts of bilirubin. This is m 
duced to urobilinogen in the normal way, but in abnormally large amount 
Therefore, there is increased absorption of urobilinogen and exeretion of 
in the urine. 


There are other types of jaundice in which there is primarily some dar 
age to the liver. This damage may be caused by toxic agents, such as chlor 
form or arsphenamine, or by some acute or chronic liver disease. In su 
conditions there is not necessarily an increase in the production of bilirubii 
but the damaged or incapacitated hepatic cells cannot excrete it into the bi 
Hence a considerable amount circulates and may be transformed into the e« 
loidal form. No bilirubin appears in the urine but urobilinogen does becave 
the urobilinogen, absorbed from the intestinal tract, cannot be re-eliminated ¥ 
the bile by the poorly functioning liver. 


Bile Salts.—The bile salts are chiefly the salts of glycocholie and taur 
cholic acids. These acids are combinations of cholie acid with glycine al 
taurine, respectively, joined together by means of peptide linkages. Cholie ace 
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Modified from Granick, S., and Gilder, H.: Advances in Enzymology 7: 305, 1947, New 
York, Interscience Publishers, Ine.) 
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is structurally related to cholesterol and probably is formed from it (see Chay 
ter 17). The hydrolysis of each of these bile acids is as follows: 


Cy5-Hy-0;-CO.NH.CH,.COOH + H,O — Cz2;.H0,.COOH + NH,.CH,COOH 


Glycocholie acid Cholie acid Glycine © 
H,.C.SO,.0H 
C23-Hy).0;.-CO.NH.CH,.CH,.S0,.0H + H,O — C23.Hy.0;.COOH + gee 
Taurocholic acid Cholie acid Taurine 


The structural relationship of taurine to both cysteine and methionine is ver 
close. Experiments in which radioactive sulfur, S*°, was introduced in tra« 
amounts into methionine showed that when this amino acid was fed to dogs, 1) 
sulfur was used in part to form taurine (Tarver and Schmidt). Cysteine, als: 
is converted into taurine. (See page 385.) Different species vary in the pr’ 
portions and even in the nature of the bile salts found in their bile. (Has! 
wood and Wootton.) In man, besides cholie acid, linked to taurine and gl) 
cine, there are also present desoxycholic, lithocholic, and chenodesoxychol 
























acids. 

FUNCTIONS oF BiLE Sauts.—The bile salts are not excretory products. The 
are undoubtedly the most useful constituents of bile. After secretion into tl 
intestinal tract they are absorbed almost completely and are carried by t! 
portal blood back to the liver for re-secretion. Perhaps 10 per cent may | 
destroyed by bacterial action in the intestine or be lost by excretion. Several | 
their functions have been alluded to previously. They may be summed up 
follows: 


1. They accelerate the action of pancreatic lipase. This ‘‘nonspeci 
activation’’ transforms a relatively weak enzyme into a quite powerful one. 


2. Because of their power of lowering surface tension, they aid in t- 
emulsification of fats and tend to stabilize such emulsions. In faet, the bi 
salts, fatty acids, and lower glycerides are said to form one of the b 
emulsifying mediums for fats. This may permit the absorption of emulsifi¥ 
fat and leads to the presentation of a greater amount of surface to the li 
lytic enzyme, and thus further aids its action. 


3. The digestion of fats produces fatty acids and glycerol or lower glye 
ides. The fatty acids are not very soluble in the slightly alkaline medium pr 
ent. However, the bile salts form complexes with the fatty acids which are wat 
soluble and are easily absorbed. The entire complex may be absorbed and t: 
bile salt again may be removed by the liver and re-secreted in the bile. Ho 
ever, it is also possible that some of the bile salt molecules remain at the surf 
of the mucosa and alternately combine with and release fatty acid molecules 
the cell (Verzar and Kuthy). Thus a small amount of bile salts may do ev) 


more work than the part which must be taken to the liver and secreted i 
the bile. 


4, They aid in the absorption of the fat-soluble vitamins. This is partic 
larly important in the case of vitamin K. 
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5. It is the bile salts which keep cholesterol in solution. 

6. They have a choleretic action. Thus the liver is stimulated to secrete 
bile as long as bile salts are absorbed. This apparently continues during fat 
digestion and the absorption of the bile-salt-fatty acid complex; i.e., SP Actly 
during the period necessary for such secretion. | | 

7. They stimulate intestinal motility. 


Cholesterol.—The bile seems to be the chief channel for the excretion of ex- 
cess cholesterol. The sources of biliary cholesterol are (1) synthesis by the 
liver, (2) decomposition of red blood cells, and (3) dietary cholesterol. Reab- 
sorption of some of the cholesterol may occur, but not after it has been reduced. 
Reduction occurs by bacterial action, and the product is coprosterol, the sterol of 
the feces. Since cholesterol is not a very soluble substance, it is not surprising 
to find that it may precipitate out of solution from bile and form gallstones. 

Functions of Bile——To sum up the functions of bile, we may say that (1) it 
tends to neutralize the acid chyme, thus providing a more favorable hydrogen 
ion concentration for the enzymes secreted by the pancreas and the intestinal 
mucosa; (2) it aids in fat digestion in several ways; (3) it promotes the ab- 
sorption of fat, the products of fat digestion, other lipids, and fat-soluble vita- 
Mins; (4) it has a choleretic action; and (5) it is an excretory channel for bile 
pigments, cholesterol, certain drugs, metals, ete. Bile has no antiseptic prop- 
erties; in fact, bacteria will grow in bile very rapidly. If bile is diverted to the 
exterior by a biliary fistula, the feces become clay colored, increased in amount, 
and greasy and have an extremely offensive odor. The color is, of course, due to 
the lack of stercobilin, and the greasiness and odor, to the undigested fat which 
has become rancid. Animals with such fistulas eventually develop abnormalities 
of the bones, associated with loss of inorganic salts, thus indicating some other 
function which is vital, since animals with bile fistulas do not survive very long. 


The nontoxic emulsifying agents, some of the ‘‘new detergents’’ (page 81), have 
[recently been tested therapeutically in cases of biliary and pancreatic deficiency. Here 
digestion and emulsification of fat are incomplete and the administration of these agents to 
cause emulsification artificially has been found to be helpful. 


Gallstones —Gallstones, or biliary calculi, are composed of material which 
has precipitated out of bile to form masses of varying size and shape. They 
usually are found in the gall bladder but may form in the bile ducts. If single, 
the stone is generally ovoid in shape, but if multiple, they have facets formed by 
pressing and rubbing against each other. When many are present, the shape of 
most of them is cuboidal. A gall bladder may contain as many as two thou- 
sand calculi. The color, hardness, and inner structure vary with their com- 
position. When cut in eross-section a central nucleus, around which layers of 
the constituents are deposited, may be seen. Gallstones are usually classified, 
in regard to composition, into (1) cholesterol, (2) pigment, and (3) calcium 
carbonate stones. As a matter of fact, no gallstones are ever composed entirely 
of any one constituent. The so-called ‘‘pure cholesterol’’ stones may contain 
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“ 


from 90 to 98 per cent cholesterol, but there is always found some bile pigmen” 
and some inorganic salt. Stones in the human being belong almost always te 
the first two groups; that is, they are predominantly the cholesterol or pigmen 
variety. 

The mechanism of the formation of gallstones is not entirely clear. It wa: 
held for a long time, and is still rather generally accepted, that an infection 0- 
injury to the gall bladder mucosa produces a nucleus of microorganisms or « 
tiny elot around which cholesterol or pigment is deposited. It has been sug: 
gested that the proteins present in this nucleus carry an electric charge of ar 
opposite sign to those present on cholesterol, pigments, and CaCO,, and in tha. 
way bring about a precipitation. Since the gall bladder tends to concentrat: 
bile, conditions are favorable for further precipitation. Bladder bile is normally 
more acid than liver bile. This would tend to keep CaCO, in solution ordinarily 





Fig. 33.—Sediment from “B” bile (360). The combination of cholesterol and calcium bil 
rubinate is indicative of gall stones. (Courtesy of Dr. Harry Barowsky.) 
Infection, it has been shown, interferes with this acidification of bladder bile 
leading to precipitation. A metabolic origin has been put forth as anothe 
explanation, the assertion being made that the high concentrations of bloo 
cholesterol (hypercholesterolemia) are often associated with gallstones. J 
has also been suggested that the protective colloidal action of the mucin < 
the bile (together with the solvent action of the bile salts on cholesterol) ma 
be responsible for the usual nonprecipitation of gallstone constituents, ant 
any factor which disturbs the balance is likely to initiate the formation of 
minute concretion. Once started, as stated before, the number and size it 
crease more or less rapidly. It has been shown by Rains and Crawford the 
the bile salts, in solutions of increasing concentration, show definite alterz 
tions in surface tension and conductivity, which denote a change of phas 
This is taken to indieate ionic aggregation or micelle formation. Such con 
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centration can, and does, occur in the gall bladder. Consequently, the choles- 
terol dissolving power of the bile would be decreased, and precipitation of 
cholesterol would be explained. 


Duodeno-Biliary Drainage.—This technique is used to attempt to obtain information 
regarding the duodenum, pancreas, liver, gall bladder, and the various ducts carrying their 
secretions to the intestine. A small caliber rubber tube is passed, first, into the stomach, at 
which stage the gastric residuum may be obtained and examined. Then the tube is permitted 
to go through the pylorus to the duodenum. Duodenal contents and then bile may be ob- 
tained when the tip of the tube has reached the sphincter of Oddi. The operator may assure 
himself of this position by use of a fluoroscope. According to the method of Lyon, the fasting 
duodenal contents are first removed and then a measured volume of saturated magnesium 
sulfate is introduced by means of a glass syringe. Part or all of it is removed by suction, and 
then the fluid flows by syphonage. When the bile begins to appear it is usually seen to be 
light, golden yellow in color. This is designated ‘‘A’’ bile and is considered to be the bile 
present in the common duct. It usually amounts to from 10 to 30 ml. When the bile begins 
to show a darker color, it is collected separately as ‘‘B’’ bile. This is presumed to be 
gall bladder bile. When this changes again to a lighter shade, usually even lighter than the 
“fA”? pile, it is collected as ‘‘C’’ bile and is probably bile just as it is secreted from the 
liver. ‘‘A’’ bile is usually golden yellow, ‘‘B’’ is darker yellow to brown, and ‘‘C’? is 
lemon yellow. Abnormally they may be quite different. Olive oil is often used instead of 
Magnesium sulfate as a relaxing agent for the sphincter of Oddi. It has the advantage of 
permitting a more exact determination of volume. However, it has the disadvantage of 
changing the surface tension, which one may wish to determine as a means of estimating 
the amount of bile salts present. Obviously, even under the best conditions, one cannot 
be sure that the fluid obtained is pure bile. Duodenal fluid, gastric juice, and pancreatic 
juice may be mixed with it. However, even under such circumstances, certain information, 
such as the absence of bile salts or the absence of ‘‘B’’ bile, may be of decided importance. 
A microscopic examination should be made and may prove to be of great value. This is par- 
ticularly true of ‘‘B’’ bile. The appearance of pus cells, bacteria, and characteristic crystals 
aids the clinician in diagnosis and treatment. Fig. 33 is a typical photomicrograph of ab- 
normal sediment from ‘‘B’’ bile. 
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Chapter 11 


CHEMICAL CHANGES WITHIN THE LARGE 
INTESTINE 


The processes which go on in the large intestine are due mostly to the 
activity of the myriads of microorganisms which live and die there. These enter 
the tract with food and saliva and may survive passage through the stomach since 
the HCl] is not always present in bactericidal concentration. Consequently 
some living microorganisms pass into the small intestine and they begin to 
multiply as the reaction becomes more favorable. However, even near the ileo- 
cecal valve the intestinal contents do not contain large numbers of such or- 
ganisms. At this point there are present some undigested food residues, unab- 
sorbed secretions, such as bile and pancreatic juice, and cell detritus. Analysis 
of this material shows it to have about the same amounts of nitrogen, fat, and 
earbohydrate (based on dry weight) as normal feces, but it is not fecal-like. 
The pH is about 5.9 to 6.5. 

In the large intestine these materials are transformed into feces. A number 
of enzymes are possibly present in the secretion of the mucosa of the large gut, 
but digestion by them is generally believed to be of little importance. This 
secretion is alkaline and viscid and undoubtedly tends to bring the contents over 
to the alkaline side. The conditions for bacterial growth (particularly 
anaerobic) are excellent: there are warmth, darkness, little oxygen, an almost 
neutral medium, and food material in a semisolid condition. The organisms 
flourish, utilize the food materials, transform them into their own protoplasm, 
multiply, and die. In fecal material, from one-fourth to one-half of the dry 
matter is said to be made up of living and dead bacteria. Water is absorbed 
by the mucosa and the characteristic consistency results. 

In the newborn infant the first fecal discharge is termed ‘‘meconium.’’ 
This is a very dark brownish-green semisolid material. It consists of intestinal 
and biliary secretions which have accumulated in the large intestine from the 
fourth fetal month on. Meconium continues to be passed for the first three or 
four days after birth and accounts for much of the loss of weight which oceurs 
at that period. Usually with the ingestion of milk there is seen a gradual change 
to the usual type of infant feces. These are soft, golden yellow to greenish- 
yellow in color and have an acid reaction. The odor is slightly ‘‘sour’’ but not 
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unpleasant. The approximate general composition of stools of the infant ane 
of the adult is as follows: 


STOOL OF 
BREAST-FED INFANT STOOL OF ADULT 
Water (per cent) 85 75 
Organic solids (per cent) 13 20 
Ash (per cent) 1 5 


In the feces of infants there is found very little of the milk protein but rathe: 
large amounts of fat, fatty acids, and soaps. 


General Character of Feces of Adult 


Adult fecal material is normally brown, varying in color with fat ane 
water, which lighten the color, and bile pigments, which darken it. Abou 
80 to 170 grams of feces are eliminated per day. The composition varie 
greatly and not much significance can be attached to analytical fin 
ings. This is easily understood when it is realized that feces contain undi 
gested, indigestible, and unabsorbed food residues, secretions of the gast 
intestinal tract, bile constituents, and desquamated epithelial cells. Includee« 
in the unabsorbed food may be rather large amounts of iron compounds, sine: 
the intestine will not absorb more than a certain amount of iron administerec 
There is also a variable amount of phosphate, depending upon the precipitatio 
of this ion in insoluble form. A large amount of calcium is found in feces 
either as the phosphate or the oxalate. In fact, more calcium is present in fee 
than in urine. The secretions contain lipids which have been shown to be 
the same types as the blood lipids and are now recognized as having been act 
ally secreted by the mucosa of the small intestine. 
















The bile derivatives in feces are stercobilin, a transformed bile pigmen’ 
which gives the stool its brown color, and eoprosterol. Coprosterol is a reduce: 
sterol, coming largely from the cholesterol of bile. 

The pH of the stools of healthy adults on a mixed diet varies from 7.0 t 
7.5 according to Robinson. Common laxatives, even magnesium oxide, tend 
change this to the acid side, but it is questionable whether the contents of th 
large intestine can be changed to an acid reaction by feeding acid-produci 
bacteria. This was the rationale of feeding fermented milk products, such < 
acidophyllus milk, ete. It was held that by implanting such organisms in th 
large intestine an acid flora could be established which would have a favorab) 
effect upon health, 

Intestinal Gases.—The volume of gas present in the gastrointestinal tra« 
of the human being is variable but averages 1 liter. Since some of this’ 
absorbed, the total volume expelled in the course of a day is somewhat les} 
than a liter, but may be as much as 2,600 ml. or as little as 12 ml. (Blaii | 
Dern, and Bates.) The components of the mixed gases will vary with th} 
diet. On a high milk diet the predominant gas is hydrogen; on a vegetab 
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diet, methane; and on a meat or mixed diet, nitrogen. In all cases, all of these 
gases, as well as CO, and usually H.S, are present. The nitrogen is derived 
from swallowed air, from air dissolved in food and drink, and from nitrogen 
which diffuses out from the blood in the blood vessels of the gut. It is in solu- 
tion in the blood, having passed into it during respiration. A typical analysis 
of the gases obtained from a normal man was: N>, 59.4 per cent by volume; 
CH,, 29.6 per cent; CO., 10.3 per cent; and Oz, 0.7 per cent. (Fries.) In in- 
testinal obstructions there accumulate gases of somewhat similar composition, 
except that there seems to be less methane and traces of hydrogen and hydro- 
gen sulfide. (Wangensteen.) Probably the amount of H.S will depend upon 
the presence of the sulfur-containing amino acids and the type of decomposi- 
tion which they undergo. The concentrations of CO. and H.S are low because 
these gases are quite soluble in the aqueous medium and therefore are ab- 
sorbed rather easily. 

Intestinal gas may cause considerable distress because of distention of the 
abdominal viscera. This is increased when atmospheric pressure is dimin- 
ished, as at high altitudes, and serious symptoms may result. (Ivanov.) 


Action of Microorganisms on Carbohydrates and Fats 


Bacteria, yeasts, and other organisms in the large intestine probably act 
upon carbohydrates present producing butyric, lactic, and perhaps other organic 
acids, ethyl alcohol, CO,, CH,, and H,. How much absorption of any of these 
takes place in the human being is not known. It is fairly certain that cellulose 
is not transformed to glucose and the latter absorbed and utilized as was for- 
merly believed to be the case. 

The action of intestinal organisms on fats, if any, is probably simple hy- 
drolysis. Little is known about this, however, and the same is true of the action 
of the organisms upon fatty acids and glycerol. 


Fecal Lipids 


Normally the lipids of the feces have little, if any, direct relation to the 
lipids of the diet. As stated above they resemble the lipids of blood and are i 
doubtedly secreted by the intestinal mucosa, chiefly that of the small ta th 
Abnormally, marked increases in the lipids of the feces may occur. In such in- 
stances the lipids are food lipids, not those secreted by the liver or intestinal 
mucosa. These increases may be due to blockage of the bile ducts, the pan- 
creatic ducts, or hoth; to failure of the pancreas to secrete pancreatic juice, 
or to imperfect absorption (for example, when there is increased motility of the 
upper intestine and the food rushes through too rapidly). Conditions in which 
the feces contain large “amounts of fat, fatty acids, and soaps are called 


“steatorrheas.’’ 
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The normal values for fat and its derivatives in feces will vary widely 
The range is from 7 to 25 per cent for ‘‘total fat’’; that is, neutral fat, fre 
fatty acids, and soap. A figure of over 25 per cent is considered abnormal anc 
requires more detailed study. If the neutral fat is high, one should suspee: 
that there is deficient fat digestion, and if the total split fat (i.e., the sum 0 
soaps and free fatty acids) is above its usual percentage, there is probably som. 
abnormality in the absorptive process. In this way a fractional fecal analysi. 
may aid in diagnosing obscure gastrointestinal conditions. In steatorrhea 
there are frequently found lesions of the bones similar to rickets, sometime: 
dwarfism, ete. A low serum calcium is usually present and sometimes tetan] 
results. This seems to result from an excessive loss of calcium in the fece: 
along with the fat. This must be due to a lowered absorption of calcium fron 
the intestinal tract which may be accounted for in one of three ways: (1) Th 
excess of fat in the tract holds the fat-soluble vitamin D there and prevents iti 
absorption ; vitamin D is concerned in the absorption of calcium from the gastrc 
intestinal tract. (2) The intestinal wall may be impermeable to calcium ions i| 
these conditions. (3) The fatty acids form insoluble soaps with the calciur 















and these are excreted in the feces as such. There is some evidence for each 
these three possibilities. 

In addition to neutral fats, fatty acids, and soaps, there are always fou 
various sterols in feces. These include cholesterol and its reduction product. 
dihydrocholesterol and coprosterol. They are true secretions eliminated b 
way of the bile or through the intestinal wall, but in addition there are als 
unabsorbable plant sterols as well as any excess cholesterol of the diet whi 
has escaped absorption. 


Action of Microorganisms on Proteins 


Putrefaction.—The decomposition of proteins by anaerobic organisms 
termed putrefaction. The proteins which reach the large intestine may be un 
gested or partly digested food residues, unabsorbed amino acids, or cellular detr 
tus. In addition, there are the proteins of the dead bacteria. The action of micr: 
organisms upon this varied assortment begins with a digestive action. The 
may be proteases, such as trypsin, which have not been destroyed, proteas 
from disintegrated epithelial or bacterial cells, or the active enzymes of the li 
ing bacteria. Proteolysis results, of course, in the formation of free amino aci 
and since little or no absorption takes place in the large intestine, they are : 
tacked by the microorganisms to a varying 


degree and in two general ‘way 
These are decarboxylation and deamination. 


Oxidations, reductions, and 
drolyses also occur. These reactions are all the results of the appropriate e: 
zymes. If deamination occurs first, acids are formed, while amines result f 
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decarboxylation. The simpler amino acids yield simple organic acids or amines, 
as the case may be. Thus, alanine forms propionic acid or ethyl amine. 


a ti00 CH,CH,COOH 
peamin® ae Propionic acid 


CH,CHNH,COOH 


Alanine “a 
“arboxy lat —> CH,CH,NH, 


tion Ethyl amine 


The amino acid tyrosine may undergo decomposition along two routes also. 









COOH 
COOH 
CH, | 
| ‘i (Chak 
CH, | 
JN / \ LN 
Decar ape ao hah Decarboxyl- 
—_—_—__—__— 
aa eciaee oxidation ation 
Vd 
] 
OH bn OH 
p-Hydroxyphenyl p-Hydroxyphenyl Cresol 
propionic acid acetic acid 
CH,NH | 
CH CH, 
| 
JN \ YN /\ 
Tyrosine Reduction 
ed —_———————> 
| | 
OH OH OH 
Tyramine Cresol Phenol 


It will be noted that phenol is the ultimate product of both series of reactions, 
but the first series converts the amino acid to an acidic intermediary, while 
the second is through a basic one, an amine. 


The two types of action on cysteine are: 





CH,SH CH,SH 
| 7 cca ot 
CH, CH, 
Deamination | Ethyl mercaptan 
es COOH ) ¢ 
H starts! fae bee CH,SH ——> H.S + CH, 
2 
ds, ‘ Decarboxylation cided Senge, oat 8 D 7” Methyl 
OH CH,SH cae Cae mercaptan 
Cysteine dua, CH, 


Amino ethyl mercaptan Ethyl mercaptan 
(cystamine) 
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This indicates how, by (1) first deaminating and then decarboxylating and (27 
first decarboxylating and then deaminating, different intermediate products are 
formed. These, if further attacked by the bacterial enzymes, yield finally the 
same products. 

The products of tryptophan deamination are quite important. 


4~___¢--CH,-CHCOOH 7 ™-__ 0 _CH,—CH,—COOH 
| | | H NH, ——> | —H —_—F9 
VAG VAG 
Tryptophan Indole propionic acid 

7 ‘#0 —CH,COOH A OT 5 PEPE 3 Y ~<a 
OSes Coa 
A 4a \ Aedes SI Se 

Indole acetic acid Skatole Indole 









Indole and skatole are the two substances which give the characteristic fo 
odor to feces. If first decarboxylated, tryptophan yields tryptamine. This ane 
other amines which may be formed in the large bowel are: 


“a —C—CH,CH—COOH G -—_—C—CH,—CH,NH, 
| 
L | CH NH, —————_—> CH 
\ a Mo ee 
4 Na YY N—H 
Tryptophan Tryptamine 
4 = C—CH,—_CH—COOH H—C = C—CH,—CH,NH, 
| | 
H—N N NH, —— > H—N N 
iy 
C_H Cn 
Histidine Histamine 
CH,NH,—CH,—CH,—CH,—_CHNH,— COOH — CH,NH,—CH,—CH,—CH,—CH,—NH, 
Lysine Cadaverine 
CH,NH,—CH,—CH,—_CHNH,— COOH —> CH,NH,—CH,—CH,—CH,NH, 
Ornithine Putrescine 


The Question of Autointoxication 


Most of the amines, when introduced into the blood stream in appropriati 
dosage, have marked pharmacological effects. Histamine, as has been see 
stimulates the gastric glands, and, especially in large doses, it also has a blooc 
pressure-lowering effect. This depressant action is shared by several oth 
amines produced in the large intestine, namely, putrescine and cadaverine. O' 
the other hand, tyramine raises blood pressure. This is particularly interestin: 
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in view of its structural relationship to adrenaline, the hormone of the adrenal 
medulla which has a pronounced blood-pressure-raising action. Tryptamine 
also raises blood pressure after a preliminary depressor action (Page). 





CH,CH,NH, 
| Ler ee 
3 cae 
\4 Nan 
bu On 
Tyramine Adrenaline 


From lecithin and sphingomyelin, choline is split off, and this is converted 
to neurine and muscarine by anaerobic organisms. 


ZO 
/ CHLCHLOH y ClCH, Varia “pee 
(CH,),N — (CH,),N — (CH;),N H 
No \OH \OoH 
Choline Neurine Muscarine 


Choline is slightly toxic if administered to animals; neurine and muscarine 
rather more so. 

From cephalin, serine is derived, and this on decarboxylation yields amino- 
ethyl alcohol, colamine. 





HO—CH,—CH—COOH > HO—CH,—CH,NH, 
NH, 
Serine Colamine 














Colamine is only slightly toxic but amino ethyl mereaptan has a marked blood 
pressure-lowering effect and this is formed during the bacterial decomposition 
f cysteine. 

It is probable that diarrhea may result from an overabundance of some 
of these products of intestinal putrefaction, particularly the acidic com- 
pounds. The question arises, however, as to whether the other toxic 
products, the amines, the choline derivatives, the mercaptans, etc., are 
harmful. The idea that the absorption of some of these products of bacterial 
activity is the cause of many of the ills of mankind has long been prevalent 
among medical men and, particularly, among laymen. There is no question 
that some of these products are somewhat toxic when administered orally and 
even more so if given parenterally ; that is, by any route other than by mouth. It 
is doubtful, however, if large enough amounts are ever absorbed to produce harm- 
ful effects. For example, the total amount of indole in the feces is seldom over 
60 to 70 mg., and yet 1 gram given by mouth produces no ill effects and 2 grams 
cause only a slight headache and dizziness. Small amounts of indole and 
katole are often absorbed, as evidenced by the excretion of their detoxication 
product, indican, in the urine. They are therefore fully detoxicated. Sherwin and 
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Power have reported that the amines produced in putrefaction may be ir 
troduced into the gastrointestinal tract in amounts much greater than oceu 
in constipation without the appearance of unusual symptoms. Regarding othe 
toxic products formed by bacteria in the large intestine, they are (1) not ak 
sorbed in appreciable quantities, (2) destroyed by the mucosa of the intestine 
or (3) detoxicated in the liver or some other organ. 

What is the basis then for autointoxication, the symptoms of which ofte 
accompany constipation—mental laziness, malaise, headache, dullness, coate. 
tongue, poor appetite, and ‘‘biliousness’’? Evidently the old idea that the: 
are caused by absorption of toxic materials from the sluggish intestine is ur 
tenable. Alvarez is of the opinion that most of these symptoms result fror 
mechanical distention and irritation of the rectum by the fecal masses and then 
effects are caused by reflex action. Many of the symptoms can be reproduced b 
simply packing the rectum with cotton. Probably small waves of contractio. 
originate at such packed locations and travel in a reverse direction up the ir 
testinal tract (antiperistalsis) and thus give rise to foul breath, coated tongu« 
and other symptoms. It is not to be assumed that absorption of toxie produet 
from the intestine never occurs. Probably it does, but the symptoms usuall! 
associated with constipation and with what has been termed autointoxication il 
the past are not caused by products absorbed from the large intestine. Absory 
tion of toxins is more likely to oceur in diarrheal conditions, but even in thes 
cases the toxic action of these substances is of little moment. ; 


Ptomaines.—A number of these toxic products have been classed togeth 
as ‘‘ptomaines.’’ These include muscarine, neurine, cadaverine, and putresein 
If food, particularly meat or fish, decomposes under the influence of putrefactiw 
organisms, these compounds are formed. Usually this results from inadequat 
refrigeration of food or its storage for too long a time. If such spoiled foo 
are eaten, they are likely to cause ‘‘food poisoning.’’ Possibly this results b 
cause these toxic products are absorbed more readily from the small intesti 
than from the large. However, the body can detoxicate fairly large quantiti« 
of them. Usually food poisoning means an infection carried by infected fo 
into the gastrointestinal tract, and the pathological effects can be explained 
assuming the continued formation and absorption of the toxic products plu 
specific toxins elaborated by the bacteria. 


Pathological Constituents of Feces.—In order to detect abnormal con 
stituents, the stools may be examined macroscopically, microscopically, a 
chemically. Each of these methods may yield valuable information. For e 
ample, simple observation, after mixing with water, and straining throu 
cheesecloth, may enable one to find gallstones, undigested food residues, mu 
cus, epithelial shreds, and, rarely, intestinal concretions, 
tions are chiefly inorganic, usually NH,MgPO,, with some admixture « 
Ca;(PO,)2, CaCOs, CaSO,, protein, or caleium or magnesium soaps. They 
ways have a nucleus of some indigestible substance, such 
gallstone. 

Microscopically, one may sre erystals which might indicate the presene 
of salts or organie compounds which are ordinarily absorbed. Undigeste 













Intestinal econer 


as hair, or even 
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food, such as fat globules, meat and vegetable fibers, starch granules, ete., are 
often observed. 

Chemically the quantitative estimation of fat, fatty acid, and soaps is 
sometimes required, but a strict control of the intake is then important. A 
jualitative test for unchanged bile pigments is rarely positive, except in se- 
vere diarrhea, when the intestinal contents are rushed through the tract. 
Irdinarily they are converted into stercobilin and stercobilinogen. The most 
important chemical determination is the qualitative one for blood. Among 
ther things, this aids in the diagnosis of gastrointestinal ulcers and malig- 
nancies. A chemical test is often necessary because the colors which blood 
imparts to feces vary from bright red to black. A small amount of reddish- 
black in the brown feces is indistinguishable by the naked eye. The color of 
blood in the feces depends upon the length of time the blood remains in the 
small intestine—not on the site of the hemorrhage. Blood from the duodenum 
will stain feces red if it moves through the small intestine fast enough, because 
the darkening mechanism requires time and takes place solely in the small in- 
testine. (Hilsman.) 


It is therefore often necessary to test for ‘‘occult’’ blood; i.e., blood which is not 
macroscopically evident. This may be done most simply by suspending a small amount of 
feces in 5 ml. of water, boiling to inactivate the oxidizing enzymes, and then applying to the 
tooled fecal suspension any of the standard tests for blood; e.g., the benzidine, reduced 
henolphthalein, orthotolidine, ete. If a positive reaction is obtained with a patient on a 
- diet, the test should be repeated after he has been on a meat-free diet for a sufficient 
length of time. 
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Chapter 12 
VITAMINS 


Historical 


At about the turn of the century students of nutrition considered thi 
a well-balanced diet need contain only a suitable amount of each of the followin 
‘“proximate principles’’: proteins, carbohydrates, fats, inorganic salts, ar 
water. Many investigations based on this premise were undertaken to determin 
the quality or amounts of these several ingredients or to vary their proportiom 
To accomplish this, animals were fed on highly purified foodstuffs and i: 
variably the experiments resulted in failure. Perhaps the earliest of these w: 
the work of Lunin, in Bunge’s laboratory at Basle in 1884. He fed young mi¢ 
on the purified proteins, sugar, fats, and salts of milk and found that they didn 
grow. He expressed the opinion that some ‘‘unknown substances’’ must be pr 
ent in milk without which normal health and growth could not be maintaine: 
This work did not attract much attention and was soon forgotten. In 1897, Hij 
man, a Dutch physician working in Java, came to the conclusion that the orient: 
disease beriberi resulted from an imperfect diet which consisted chiefly « 
polished rice. This was not only a clinical observation, but was also expex 
mentally proved on fowls. When chickens or pigeons were fed for some ti 
on polished rice they developed a polyneuritis. Both patients and birds cou 
be cured by adding the polishings of the rice to the diet. Hijkman explaine 
this by assuming that white rice contained a toxin which could be neutraliz 
by an antitoxin present in the husk of the rice. When Kijkman returned 
Holland, the investigation was taken up by Grijns in 1901. He repeated ar 
enlarged on Eijkman’s work. He was not able to extract a toxin from polishe 
rice; he showed that there was actually a protective and curative substance 
the polishings, and also in other foods. Grijns was probably the first to ha> 
a clear conception of a deficiency disease and to attempt to isolate an activ 
principle from foods. 

These experiments led Pekelharing to again perform experiments with pur 
fied foodstuffs. He fed them to mice and found that, although at first they 
well and seemed healthy, after about four weeks all died. However, if milk, « 
even whey, was given instead of water, they throve upon the diet. He co 
cluded that ‘‘an unrecognized substance occurs in milk which is of paramou 
importance for nutrition, even in minute quantities.’’ This was published in. 
Dutch journal in 1905 and did not become widely known. The same type 
experiment was performed independently by Osborne and Mendel in this count= 
and the same conclusion was reached. They were studying the nutritive valu: 
of highly purified proteins isolated from various cereals. They also could obta 
no growth, or even maintenance of weight, in young rats unless ‘ 
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milk’’ was added to the diet. These experiments were done in 1911, and Mc- 
Collum in this country and Hopkins in England made similar observations at 
about the same time. It was also in 1911 that Casimir Funk isolated from rice 
olishings a crystalline substance which was efficacious in preventing or curing 
polyneuritis in pigeons. His analyses indicated that it contained nitrogen in a 
asic form and that it was probably an amine. Since it appeared to be essential 
0 life, he named it ‘‘vitamine.’’ The spelling has since been changed to 
*yitamin’’ and has been applied to a whole series of substances found in foods, 
without regard to their chemical structure. 


More of this absorbing chapter of biochemical history cannot be detailed 
lere, nor can the names of the other brilliant investigators in this field even 
ye listed. The interested reader may consult the references at the end of this 
chapter. 

The experimental animal hitherto most widely used in vitamin work is the 
white rat. This animal has been bred and studied at the Wistar Institute, and 
its normal average growth curves and ‘‘vital statistics’? have been described. 
Moreover, it responds in very characteristic fashion to many food deficiencies. 
Other animals have been used, partly because the rat need not ingest all nutri- 
ional factors and partly because substantiating or supplementary evidence is 
required. Thus the guinea pig is used in vitamin C studies because the rat does 
not require much, if any, of this factor in its food. Pigeons are the classical 
est animal for demonstrating the polyneuritis caused by lack of vitamin B,, 
md dogs, mice, ducks, chickens, hamsters, roaches, and particularly micro- 
brganisms are used for other vitamin studies. In fact the necessity today is to 
e species other than the rat in order to discover new factors for which the rat 
ay not be a good test animal. One method of demonstrating a vitamin de- 
ciency is to feed a group of animals a diet adequate in all nutritive factors 
xcept the single substance in question. A control group must be fed the same 
et plus a sufficient amount of the substance omitted from the diet of the ex- 
erimental group. All animals are weighed at regular intervals and their 
Dhysical condition is carefully observed. After a time, the animals on the 
eficient diet may stop gaining weight and later they may lose weight; if the 
itamin needed is not restored to their diet in time, they may die of malnu- 
rition. Sooner or later, after they start to lose weight, they begin to develop 
ptoms characteristic of the particular avitaminosis (vitamin deficiency ) 
oncerned. Often these symptoms may be alleviated by administering the re- 
uired vitamin, but in prolonged avitaminoses the pathological lesion has be- 
ome so fixed that it is irreversible. This general method, the biological 
ethod, or ‘‘bioassay,’’ is the one originally used to determine whether a given 
00d contained a given vitamin, and it,can be made fairly precise. The bio- 
gical method usually requires weeks before an answer is obtained. When 
he chemical structure and chemical and physical properties of an individual 
itamin are known, quantitative chemical methods are used, but some elaim that 
iological assay is the only correct way to determine the yitamin content of any 
00d because a vitamin may be present and react chemically but still be un- 
Vailable nutritionally. The chemical methods depend, of course, upon some 
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outstanding chemical property of the vitamin, such as the production of « 
color, lending itself to colorimetric estimation, or the reducing activity, whiel 
ean be rather accurately measured. Nowadays microbiological methods ar 
being used whenever possible because of their rapidity and economy. The prin 
ciple of these methods is the same as that of the microbiological methods fo 
the determination of amino acids, described on page 123. In this case all th: 
amino acids and all other nutritional factors, except the vitamin studied, ar: 
included in the medium, and the amount of growth will depend upon th. 
amount of vitamin in question in the added ‘‘unknown.’’ It is understoo« 
that the particular organism used must be susceptible to the lack of the nm 
tritional factor being assayed. 

Intestinal organisms play a role in the vitamin quota available to th 
animal or man. They may synthesize vitamins in significant amounts. Vite 
min K is a very important example, but folie acid, nicotinie acid, pyridoxine 
biotin, thiamine, and riboflavin are others. These may be absorbed to a vary, 
ing extent and utilized. This fact renders rather inaccurate the figures f 
“‘daily requirements’’ of the different vitamins in the following pages, bt 
it is recommended that one should ensure an adequate intake of each vitami. 
and rely very little on intestinal synthesis. Certain organisms have the oy: 
posite effect; that is, they destroy vitamins. Adding certain antibiotics an 
sulfa drugs to the feed of domestic animals benefits growth; this increase: 


growth may be due to a selective bacteriostatic action upon the organis 
which destroy vitamins. (See page 304.) 















Definition—A vitamin is a naturally occurring essential organic constitu 
ent of the diet which, in minute amounts, aids in maintaining the normal activ 
ties of the tissues. The vitamins differ from the hormones in that the former ax 
supplied to the body chiefly from the food eaten, while the latter are manufa: 
tured by the body’s own glands. Since both act when present in extremely sma 
amounts, the question as to how they differ from enzymes may very well be askee 
The answer is that quite probably most vitamins and hormones enter into enz 
systems in order to effect their physiological functions. Some are known to k 
coenzymes, and their structure and action are being studied. However, it is n« 
necessarily true that all enzymes or coenzymes inherently contain a vitamin ¢ 
a hormone to complete their chemical structure. 


Very early in the study of vitamins they were classified as to their solubilit: 
It was at first thought that there was only one ‘‘vitamine’’ and later that the 
were two; a fat-soluble A and a water-soluble B. Then B and C were diffe 
entiated as water-soluble entities, components of the earlier ‘‘B,’’ and A we 
found to be a mixture of two fat-soluble substances, which were named A ar 
D. As their curative powers came to be recognized, they were given the subtitl 
indicative of their action in this respect: vitamin A, fat-soluble A, the antiop 
thalmie vitamin; vitamin C, water-soluble C, the antiscorbutie vitamin: and soo: 
Some of the materials proved to be mixtures, and individual factors havine dit 
ferent effects from the main action of the original extract were isolated. re Z 
ample is the B vitamin group. In other instances a series of compounds, elose 
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lated chemically, proved to have similar effects, so that, for example, one should 
ot speak of vitamin D but of the vitamins D, since there are several of them. 
he structures of all the commonly known vitamins have been worked out and 
me of them are manufactured on a large scale, either by chemical or fermenta- 
on processes. Others are still obtainable only from natural sources. 


THE FAT-SOLUBLE VITAMINS 


The fat-soluble vitamins inelude vitamins A, D, E, and K. 


Vitamin A 


Properties.— Vitamin A is soluble in fats and in fat solvents. It is stable 
» rather high temperatures, except when the conditions are favorable for oxida- 
on, and in ordinary cooking or canning operations it is harmed but little. It 
destroyed by exposure to ultraviolet light. It is available to the human organ- 
m either in the form of the vitamin itself or of a precursor, one of a series of 
otinoid pigments, commonly called carotenes. The carotenes form part of 
ie pigments of many green and yellow vegetables. After absorption they are 
myerted into the vitamin in the intestinal wall. It is therefore not surprising 
at the sources of the vitamin itself are of animal nature. The carotinoids are 
bt all equally potent in their ability to form vitamin A. Beta-carotene is most 
fective since, as will be seen from the formula, it is a symmetrical compound, 
ich half of which is convertible into a molecule of the vitamin. Other members 
f this group which lead to the formation of vitamin A, but only half as much as 
ta-carotene, are alpha-carotene, gamma-carotene, and cryptoxanthine. Vita- 
in A has a characteristic absorption spectrum, with a band at 325 to 328 mp— 
ite different from that of carotene, which has no absorption band in that re- 
on. It also gives a beautiful color reaction, an intense blue, when ‘treated with 
timony trichloride. Carotene under the same conditions yields a greenish-blue 
lor. This reaction has been used for quantitative determinations of the vita- 
in. Recently vitamin A in aqueous dispersions has been recommended for 
inical use since it is claimed to be more rapidly absorbed than its oil solutions. 

Structure.—Vitamin A is a complex primary alcohol, with the empirical 
rmula C.,H.,.OH. It was isolated in 1931 by Karrer and his associates and 
as synthesized by Milas in 1946. It contains a B-ionone ring: 
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ta-carotene has two such rings and no alcohol groups. The other pigments 


entioned each have one f-ionone ring and one group very similar to it. It is 
us apparent why they can yield only half as much vitamin A as fB-carotene 
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does, since each molecule of B-carotene may give rise to two airs =a 
cules. The structures of B-carotene and vitamin A, as worked out by Karr 
and associates, are: 
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There are actually two vitamins A, known as vitamin A, and vitamin A,» T 
formula shown is that of A,. Vitamin A, predominates in the livers of ti 
cod and other salt-water fish and A, in those of fresh-water fish. The ph 
ological activity of both seems to be the same qualitatively, and it is justifia 
to call them both vitamin A, although A, is much less active in promoting 


growth of rats than is A,. Vitamin A, has the following ring structure inste 
of that for A, (Farrar) 
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Occurrence.—The best sources of the vitamin are cod-liver oil and oth 
fish liver oils, fish roe, the flesh of oily fish, the livers of other animals, butt: 
eggs, and cheese. The provitamin occurs most abundantly in carrots and oti 
yellow vegetables such as squash, sweet potatoes, 
particularly broccoli, spinach, and beet ereens. 
present as esters of fatty acids, chiefly 


and many green vegetab" 
In fish liver oils vitamin A 
Stearic, palmitic, and higher unsatura 
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acids. When the liver oil is ingested by man or animal, the vitamin A esters are 
hydrolyzed in the intestinal wall. (In those conditions in which the individual 
is unable to hydrolyze esters, such as celiac disease and tropical sprue, severe 
leficiencies of vitamin A may occur.) The vitamin is recombined with fatty 
acids characteristic of the host immediately after passage through the gut wall. 
Exactly which esterases perform these functions is not known, but apparently 
it is essential for the esters to be split and they cannot be absorbed, unhydro- 
lyzed, in the way that a part of the fats apparently are. (Gray.) The vita- 
min esters are then conveyed by the portal vein to the liver where they are 
stored in ester form. From the liver, vitamin A is redistributed to the various 
rgans, by way of the blood stream, partly as ester and partly as free alcohol. 
After the provitamin is absorbed, it is oxidized in the liver, potentially yield- 
ng either two molecules or one molecule of vitamin A, depending upon whether 
he provitamin is B-carotene or one of the others, respectively. Recent work, 
10wever, has shown that man, as well as the experimental animal, is an in- 
ficient converter of carotene to vitamin A. On the average, about four times 
8 much carotene is required as vitamin A to maintain normal dark adaptation ~ 
n adults, and in some eases there are even more marked individual variations. 
Ine would expect one molecule of @-carotene to yield two vitamin A molecules, 
but since it is only about half as active biologically, the B-carotene molecule 
S apparently split in an unsymmetrical manner. The other carotenoid precur- 
sors of vitamin A are even less active biologically since each molecule can form 
mly one of vitamin A. This inefficiency of conversion may not be real but may 
be due to the fact that carotene is not absorbed as easily as is vitamin A and a 
onsiderable amount is lost in the feces. It apparently requires the presence of 
e salts and of fat in the intestine for its absorption, whereas bile does not ap- 
bear to be necessary for the absorption of vitamin A. Consequently, in cases 
n which there is a stoppage of bile, bile salts or desiccated bile should 
le administered in order to be sure that the provitamin is taken up. 
Another practical point is the fact that carotene is soluble in mineral oil. This 
may also be true of vitamin A (Steigmann). It has been shown that if mineral 
il is taken shortly after a meal, it may remove much of the carotene present in 
he digesting food, and thus cause a deficiency of the vitamin. For individuals 
ing mineral oil constantly this is a danger which should be recognized. 
Whether bile is required for the absorption of vitamin A is a matter of dispute. 
Apparently the presence of fat is not a prerequisite, but bile salts are 
lelpful if not essential. Vitamin E seems to have a sparing action on vitamin 
A. (See page 274.) 
Neither vitamin A nor the provitamins pass the placenta into the fetus 
ery readily, although the vitamin is more easily transferred. Consequently 
ewborn infants have low stores of both. The milk of well-fed mothers contains 
mple amounts of this vitamin for the infant’s needs. 
Effect of Deficiency.—In the experimental animal a lack of vitamin A is 
lanifested by a slowing or stopping of growth in the young. This effect, how- 
ver, is not peculiar to vitamin A, since lack of other vitamins or other nutritive 
actors has similar results. The outstanding result of vitamin A deficieney is 
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upon the eye. This is manifested in animals by an avoidance of light (phot. 
phobia) and by the occurrence of xerophthalmia and keratomalacia. Xerop 
thalmia is an eye disease characterized by drying of the eyes. The cells of ' 
lacrimal glands become keratinized and stop secreting tears. The external sui 
faces thus become dry and have a dull appearance. Ulcers form; bacteria a 
not washed away; the eyelids swell and become sticky and scaly. Frequent 
there are bloody exudates and severe eye infections. If not treated in tins 
blindness results, but in most instances the animals die of respiratory infection 
before this occurs. The reason for this is that vitamin A deficiency has @ 
effect upon other epithelial structures as well as those of the eye. In oth: 
words, the eye affection is only one manifestation of the specific influence whic 
this vitamin has upon many epithelial structures. This is ‘‘the substitution 
stratified keratinizing epithelium for the normal epithelium in various parts hi 
the respiratory tract, alimentary tract, eyes and paraocular glands, and t 
genito-urinary tract’? (Wolbach). One of the results of this keratinizatic 
is the loss of cilia in the respiratory epithelium, These ordinarily tend 
sweep upward bacteria-laden foreign particles, and thus combat infectio 
In rats, vitamin A is definitely necessary for reproduction and lactation. 
fact it is Just as essential as vitamin E, the ‘‘antisterility’’ vitamin, and m 
be given in greater amounts than are needed for optimal growth, if norm 
reproduction and lactation are to occur, , 

In man, deficiencies in vitamin A result in epidermal lesions and ocul. 
changes. The appelation, ‘‘antiinfective’’ vitamin, which was formerly giy: 
to this vitamin, is not justified. As stated, a lack of the vitamin may contribt 
to infection, and there is no doubt that a lowered resistance is brought abou 

Extreme cases of vitamin A deficiency in man are very rare at the prese: 
time in Western civilization, although in Eastern countries it is still se 
Livingstone’s party suffered from it in 1857 in their African explorations a 
result of a diet of coffee, manioe roots, and meal, and there have been ma 
instances described since. In 1904 there was a report of 1,400 cases of xero 
thalmia among Japanese children. During and after World War I many cas 
of the same condition occurred in Denmark, because of the fact that buttert 
was shipped out of that country in large amounts and substitutes containi 
no vitamin A were eaten. Xerophthalmia, of course, results from a total 
nearly total lack of vitamin A, and it is seldom that a person today subsi: 
on a diet of that type. 

Less serious symptoms are frequently found in human beings because off 
diet containing less A than the required minimum. Night blindness, 
nyctalopia, is often encountered. This is an inability to see in dim light or 
adapt to a decrease in intensity of light. Both the rods and the cones of tt 
retina contain substances which depend upon vitamin A for their formation a 
regeneration. The rods are particularly concerned in dark adaptation, and t! 
vitamin is especially needed for this function. Night blindness is frequen’ 
associated with cirrhosis of the liver, according to Haig and Patek, and w 
other liver conditions, which may indicate that the liver has something to 
with the activity of vitamin A, although it may simply be related to the store 
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and absorption of the vitamin. The most important chronie disease in which ear- 
otene cannot be transformed easily into vitamin A is diabetes mellitus. If diabetic 
subjects are on restricted diets without insulin and try to satisfy their hunger 
with large amounts of green and yellow vegetables, their skin may acquire a yel- 
low tinge due to the deposition in it of carotene. Night blindness is likely to 
occur under such conditions, but the addition of the vitamin itself to the diet 
quickly brings a return to normal vision. Perhaps even earlier than night blind- 
ness is the occurrence of xerosis conjunctiva, minute dry spots which may be de- 
tected by biomicroscopic examination. Kruse believes this condition to be quite 





i Be i 5 < "aASses of severe > ic ritamin A 

‘ig. 34.—Folliculé rperkeratosis as seen in some cases of severe chronic vit Sion 
icien = a anes oe hag eo follicular papules with projecting poy seine Sry 
hyperpigmentation. (From Frazier, C. N., and Hu, C. -K: Arch. Int. Med. <°507, 1931. 
prevalent in the population of this country, due to an inadequate intake of 
vitamin A. Both night blindness and the other eye symptoms are treated by ad- 
Ministration of carotene or, better, of vitamin A. Fairly large doses are given, 
but there is a limit to the amount which ean be absorbed, or put to work, in 
healing the damage present. Usually results are noted in a ek ‘ihe it 
é , inistered in water-soluble vehicles, 

It has recently been shown that, when administered in wa | ee 
vitamin A is effective in much smaller dosage than in an oily or fatty medium. 
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Skin conditions frequently result from an inadequate vitamin A intake 
Dryness and scaliness of the skin are often seen as early stages of vitamin A 
deficiency. Sometimes small pustules appear around the hair follicles on 
extensor surfaces of the upper and lower extremities, on the shoulders, neck 
back, lower abdomen, and buttocks. They are hard and pigmented and are 
surrounded by a zone of pigmentation (Fig. 34). In other instances the pimples 
resemble those of acne except that there is seldom any pus. Large doses of vitamir 
A are required over a period of many weeks to cure these conditions. Althougt: 
the epithelium of the mucous membranes is often keratinized in animals, it is 
not certain whether similar pathological changes occur in man. Another finding 
in animals with A deficiencies is urinary calculi, and here again it is doubtfu. 
whether the same result follows in man. 

Vitamin A is an important factor in tooth formation. This is probably 
related to the fact that the enamel layer is an epidermal structure. As a resul: 
of vitamin A deficiency, there is a defective formation of enamel with the con. 
sequent exposure of the dentine. Sound teeth, of course, cannot be expectec 
under such circumstances. 

Vitamin A deficiency has been asserted to result in paralysis and nerv’ 
degeneration. All authorities do not agree on this, however. The explanation 
may lie in the fact that such a deficiency may retard bone growth and, im 
particular, the formation of endochondral bone, while the central nervou. 
system, as well as other soft tissues, continues to grow at a nearly normal rat 
If this occurs at a very early age it has an effect upon the nervous system. 
the skull does not grow rapidly enough, there may be overcrowding of th 
cranial cavity with distortion of the brain and pressure upon the spinal cord an« 
nerve fibers (Wolbach and Bessey). Therefore, the nervous lesions may be e 
tirely mechanical in origin. These results have been seen to occur in laborator> 
animals, but whether they oceur in man is not certain. 


The retardation of endochondral bone formation must be specifie becau 
bone matrix (osteoid) formation continues. In fact, the bony labyrinth 
the ear of laboratory animals is subject to an overgrowth of bone. 


Other effects which have been attributed to an avitaminosis of this vitami 
are atrophy of the testes and disturbances of the female genitals. 


Mode of Action.—Although the consequences of vitamin A deficieney i 
many parts of the body are known, its mode of action is not well understoo: 


except in relation to the retina, where it plays a direct role in the chemistr" 
of vision. 












The light receptors of the eye are the retinal rods and cones. Both kinc 
of receptor contain light-sensitive pigments, which require vitamin A for the: 
formation and proper functioning, The pigment contained in the rods, visue 
purple, or rhodopsin, is a conjugated protein in which the prosthetie group is 
red-colored carotenoid. Visual purple is extractable from the rods with mill 
detergents, such as bile salts or digitonin, with which it forms a soluble cone 
plex, but is insoluble in the usual protein solvents. Its molecular weight li« 
between 270,000 and 800,000. It is very sensitive to light and, when illum 
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nated, changes from red to orange to yellow and, on prolonged exposure, to 
colorless vitamin A, and protein. The eye becomes less sensitive to light dur- 
ing the bleaching of rhodopsin (light adaptation). In the dark, rhodopsin is 
regenerated and the sensitivity of the retina is restored (dark adaptation) in 
exact proportion to the concentration of rhodopsin regenerated, The recovery 
is rapid or slow, according to the intensity and duration of the pre-exposure 
to light. If there is a deficiency of vitamin A in the retina, regeneration is 
incomplete, and the patient is said to be night blind. 


Regeneration of rhodopsin in the test tube was first reported in 1879 by 
Kiihne, and only recently rediscovered (Hecht). The chemical details, sub- 
sequently investigated, may be summarized as follows (Wald) : 

Rhodopsin 
(light) 
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Meta-rhodopsin 
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All-trans vitamin A 
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Pigment epithelium 
and circulation 


ig. 35.—Probable transformations occurring in the retina during the visual cycle. (Courtesy 
of Dr. Charles Haig.) 


Neovitamin A 


























In the bleaching of rhodopsin by light, the first step is entirely a light 
rocess, producing lumi-rhodopsin, which is orange-red in color. Subsequent 
teps require no light. The second step converts lumi-rhodopsin into orange 
eta-rhodopsin. These changes are associated with the exposure of —SH groups 
n the protein fraction, called scotopsin. The —SH groups attract positive ions 
nd, presumably, act as cathodes to excite the rod cells, thus leading to exci- 
ation of the associated nerve fibers and we ‘‘see’’ the light. In the dark, 
ost of the meta-rhodopsin is rapidly reconverted to lumi-rhodopsin and 
hodopsin (fast dark adaptation). Some, however, decomposes to produce 
ellow all-trans retinene (vitamin A aldehyde) and scotopsin. If the light is 
till illuminating the eye, some of the trans retinene is changed to the cis form, 
eoretinene or cis retinene, while the remainder is reduced to colorless all-trans 
itamin A (vitamin A aleohol). The latter step, which will also occur in com- 
lete darkness, is catalyzed by aleohol dehydrogenase and coenzyme Fee 
f these reactions are reversible (dark adaptation), and, in addition, all-trans 
itamin A is supplied by the blood via the pigment epithelium to replace losses 
hrough displacement. There are also trans-cis reactions producing, revers- 
bly, neoretinene and neovitamin A (cis vitamin A). In addition, rhodopsin 1s 
lowly re-formed in the dark directly from neoretinene (slow dark adaptation). 
hese reactions are summarized in the scheme shown in Fig. 39. 
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It has been established by experiments on patients and normal controls 
that vitamin A is required by the cone pigments, as well as by rhodopsin 
(Haig). It is probable, therefore, that the chemical mechanisms of the cones 
are similar to those of the rods, even though the cones function in daylight | 
whereas the rods function in dim light. 

Porphyropsin is a purple light-sensitive pigment, extractable from the rods of verte: 
brates that start life in fresh water. The porphyropsin system is entirely analogous to the 
rhodopsin system but employs vitamin A, instead of A, The absorption spectra, and there: 
fore the colors, of porphyropsin and its derivatives are all shifted toward the red end of the 
spectrum. On the other hand, the proteins of porphyropsin and rhodopsin are probably the 
same. 


Sroracr.—Most of the carotene and vitamin A absorbed goes to the liven 
where it is stored. It is possible to hoard a sufficient amount of this vitamin ta 
last a long time. The method whereby it is released from the liver for physio 
logical use is not known. 

EXcrETION AND Secretion.—Neither vitamin A nor provitamin A i 
excreted in the urine. They may appear in the feces but probably this is an 
absorbed portion. Even this happens to only a slight extent, the unused materi 
being destroyed by enzymes or bacteria. Amounts in liver and other tissues 
excess of the normal storage capacity or requirement must also be destroyec 
but how this happens is still unknown. Both carotene and the vitamin ar’ 
secreted by the mammary gland. Human colostrum has two or three tim 
as much as early human milk, and the latter has from five to ten times th 
vitamin A activity of cow’s milk. 

Human Requirements.—In measuring this, as well as the other vitamins 
certain ‘‘units’’ have been used. These were at first rather arbitrarily fixe 
and were often based upon the amount necessary to prevent avitaminosii 
from occurring in animals under standard conditions. In time, as the vitami 
were synthesized, it became possible to base the unitage upon the weight 
carefully purified and standardized preparations. For vitamin A the Worl: 
Health Organization has chosen as one international unit the activity @ 
0.000344 mg. (0.344 pe) of synthetic vitamin A acetate, which is equivalent t: 
0.300 pg of vitamin A alcohol. 

The minimum daily allowance of vitamin A recommended is about 5,00 
units for both adults and growing children. (See Table XXIX, page 326.) Fo 
pregnant and nursing women from 6,000 to 8,000 units daily are recommendec 
The well-balanced dietary of most Americans contains this amount under non 
mal conditions, but it is more than possible that the underprivileged do not ge 
the minimum. It is also possible that some individuals require more than th 
minimum either because of faulty absorption or for other reasons. Therefor 
the addition of supplements may be indicated, especially since a moderate e* 
cess seems to be nontoxie. 






















Vitamin D 


Vitamin D is the vitamin which is related to rickets and is therefore spok 
of as the ‘‘antirachitic’’ vitamin. It is necessary for normal ecaleium 
phosphorus metabolism, and therefore for healthy bone and tooth developmen: 
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Discovery and Properties.—In the very early days of the vitamins, ‘‘fat- 
soluble A”’ was considered a single substance, the vitamin which was capable of 
curing both xerophthalmia and rickets. In 1922 McCollum bubbled oxygen 
through cod-liver oil for hours at 120° GC. and found that the resulting oil was 
ineffective against xerophthalmia but was capable of curing rickets. Vitamin 
A had been destroyed by this procedure, and the factor remaining was called 
vitamin D, the antirachitie factor. Other evidence was brought forward to 
prove the same point. For example, it was found that a very small amount 
of dehydrated spinach would cure xerophthalmia in rats in a few days but 
huge amounts of the same dried spinach could not prevent rickets when rats 
were fed a rachitic diet (McClendon and Schuck.) Vitamin D is a white erystal- 
line substance, soluble in fats and fat solvents. It is evident that it is heat 
resistant and also resistant to oxidation. It is also not affected by acids or alka- 
lies. When cod-liver oil is saponified, the vitamin ig found in the nonsaponifi- 
able fraction. It is a sterol. 


Relation to Radiant Energy.—From the time of Herodotus, the health- 
giving effects of sunlight have been emphasized, and the particular relation- 
ship of lack of sunshine to rickets began to be recognized in the last century. It 
was seen that underprivileged children, living in dark, crowded quarters, were 
likely to be victims of this disease. There was a greater incidence in winter than 
in summer, and this was considered to be due to the differences in the length of 
the days. In 1822 a Polish physician, Sniadecki, maintained that exposure of the 
body to direct sunlight had both a preventive and a curative effect for rickets. 
Much later, Palm, an Englishman, as a result of correspondence with medical 
Missionaries all over the world, revealed the absence of rickets, in spite of poor 
Sanitary conditions, in those regions where sunlight was most abundant, and defi- 
nitely concluded that rickets was mainly caused by a lack of sunlight. However, 
demonstration of the curative action of ultraviolet rays by modern methods of 
x-ray diagnosis were lacking. In 1919 Huldschinsky proved by such methods 
that exposure to ultraviolet rays would cure rickets, and Hess duplicated this 
success with sunlight. Later it was shown that animals fed on a diet de- 
ficient in vitamin D but containing a sufficiency of calcium and phosphorus 
would not acquire rickets if they were irradiated with ultraviolet light. The final 
chapter in this story was the announcement that cholesterol-containing inactive 
foods could be given antirachitie properties by irradiating them with ultraviolet 
light (Hess and Steenbock). Dried milk and other foods can be irradiated on a 
commercial basis. A potent antirachitie oil is produced by the irradiation of 
ergosterol, a sterol derived from ergot and from yeast. Irradiated ergosterol is 
known pharmaceutically as ‘‘viosterol.’’ 

The explanation of these phenomena is that ultraviolet irradiation causes 
a change in the molecular structure of some sterols which, unless so changed, are 
inactive. If the irradiated sterols are taken by mouth they act just the same as 
the naturally occurring vitamin D; if they are produced in or on the skin by the 
irradiation of the inactive sterols present there, they are absorbed and find their 
way into the circulation and behave similarly to the orally administered vitamin’ 
These inactive sterols are the provitamins of vitamin D. One of them, 7-dehydro- 
cholesterol, can be synthesized by animals, including man. 
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Structure.—At least ten different compounds are known to have anti- 
rachitie properties and are designated D,, D,, ete. Five of them are rather welll 
defined as chemical compounds, but only two are of great importance, D, off 
vegetable origin and D,, of animal origin. The common vitamin D of fish liver 
oils is D,. This is probably the form also present in milk and eggs and is pro- 
duced on irradiation of the skin and when 7-dehydrocholesterol is irradiated 
The formula shows that the effect of irradiation is the opening of ring ‘‘B.”’ 
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It should be stated that 7-dehydrocholesterol differs from cholesterol only i 
having two less hydrogen atoms, thereby introducing a second double bond, alsc 
in ring ‘‘B.’’ Vitamin D, is also known as calciferol and is the one mentionec 
as being derived from ergosterol by ultraviolet irradiation. The formula of this 
is strikingly similar to that of D,. 
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Both forms of the vitamin have about the same degree of activity in th. 
human being, although they are not equally effective in the chick. In natur* 
these vitamins occur as esters. 

Occurrence.—Cod-liver oil and other fish liver oils are the best sources 0 
vitamin D that we have. The flesh of oily fish, such as sardines, salmon, an 
herring, are also excellent sources. Egg yolk and liver of the commonl 
slaughtered animals contain amounts which depend upon the food of the anim 
from which they are derived, but mammalian liver is not very rich in t 
vitamin. Milk contains little vitamin D unless enriched in one of the three way 
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described in Chapter 7, and ‘‘vitamin D milk”? is now a common article 
of diet. Many of our ordinary foods, among them the green plants 
contain very small quantities, and mushrooms contain slightly promos 
amounts. In general, this vitamin is not very widely distributed, but the fact 
that it ean be provided in three ways should make its deficiency rather uncom- 
mon in the future. These three ways of providing vitamin D are, of course, (1) 
by furnishing the vitamin as it occurs naturally in foods, (2) by irradiating 
foods containing precursors of the vitamin, and (3) by irradiating, with ultra- 
violet light or sunshine, the skin of the individual. 





Fig. 36.—Rachitic children. a, Knock-knees; b, bowlegs. (From Brennemann, J.: Practice 
of Pediatrics, Hagerstown, Md., 1944, W. F. Prior Co., Inc.) 


Absorption.—Absorption of the vitamin from the intestinal tract requires 
the presence of bile. Here, again, mineral oil acts as a hindrance, because the 
Vitamin is oil soluble and consequently goes through the intestine into the feces 
with it. Ag stated above, irradiation of the skin with ultraviolet light results 
in the formation of vitamin D. This appears to occur on the skin rather than 
in the skin, and absorption follows from the surface. Helmer and Jansen found 
that the grease washed off the bodies of irradiated individuals had antirachitie 
properties, while that from men who had not been irradiated had very little po- 
tency. It would seem, therefore, that swimming after sunbathing is less physi- 
Ological than sunbathing after swimming. 

Effects of Deficiency.—A deficiency of vitamin D leads to rickets in ehil- 
dren (Fig. 36) and to osteomalacia in adults, a condition which might be termed 
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adult rickets. Rickets usually develops in infancy or early childhood, mune | 
juvenile or late rickets is seen in India and x-ray-detectable rickets is frequent y 
observed in that country up to the age of puberty. Defective ossification is the: 
result of this avitaminosis; the bones become soft and pliable and a number of| 
different deformities may ensue: bowlegs, knock-knees, enlargement of the ends: 
of bones (epiphyses), rows of beadlike swellings at the rib junctions (the: 
‘“nachitie rosary’’), contracted pelvis, and the development of bosses on the tem— 
poral bones. X-ray photographs of the bones reveal that ossification is not nor- 
mal; the shadows cast are less dense and the ends of the bones less sharply definedl 
(Fig. 37). Chemical analysis of the bones reveals a low content of inorganic 
constituents and a high content of organic substances and water. However, th 

vatio of calcium to phosphorus remains constant, indicating that the type of bone 
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Fig. 37.—X-rays of the forearms and legs of a 
treatment. 


A, B, and O, x-rays of the forearm. 

_A, Feb. 11, 1988, marked trabeculation of the radius and ulna, particularly in the 
cortical portion of the bone with slight periosteal thickening. The end of the bone is slightly 
mushroomed and cupped and. shows distinct fringing. The cartilage is swollen. The dista 
epiphyses of the radius are absent. There are two small centers of ossification in the wrists 

B, March 11, 1938, a new center of ossification has appeared in the distal epiphysi:: 
of the humerus. The centers of ossification at the wrists are still two in number but large 
and more distinct in outline. There is a fresh line of calcium deposition at the ends of the 
radius and ulna in the zone of provisional cartilage (line test). A clear area is presen 
between this new calcification and the shaft (submetaphyseal rarefaction). Cupping, fring’ 
ing, and stippling are present and spur formation is also noted outlining the swollen earti 
lage at the distal epiphysis of the ulna (beginning healing). 

eo, March 24, 1938, healing is now advanced. The shaft shows calcification of sub» 
periosteal osteoid at the outer aspect of the radius, giving the bone a greater width. Cal 
cification of the provisional zone in the metaphyses is much more distinct and the submeta 
physeal area is filling in. (Continued on opposite page.) 
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Fig. 37 (cont’d).—D, EH, and F, x-rays of distal ends of the tibias and fibulas. 

D, Feb. 11, 1938, cupping of the distal ends of both tibias and fibulas with compression 
nd widening of the end of the shaft. 
_ E, March 11, 1938, beginning healing of the distal ends of both bones (tibia and fibula) 
| hg test). Submetaphyseal rarefaction. Periosteal hyperplasia at the distal third of both 

as. 

F, March 24, 1938, advanced healing. Submetaphyseal rarefaction is now well filled 
. The ends of the bones are well calcified with marked stippling in the distal cartilage 
f the tibia and the beginnings of a center of ossification in the distal epiphyseal cartilage 
f the tibia. 
[ Case History.—Patient I. B. E. Diagnosis: Rickets and infantile tetany. Admitted 
eb. 9, 1938, because of carpopedal spasm of six hours’ duration. Had never had cod-liver oil. 
ad 3 ounces orange juice daily for one month (6 months old upon admission). Physical 
xXamination on admission : Carpopedal spasm, separation of the sagittal and lambdoid sutures 
ith marked occipitoparietal craniotabes. Thorax: | Flaring of the lower ribs with enlarge- 
ent of the costochondral junctions. Chvostek’s sign, positive. Laboratory data: Serum CO:, 
vol. per cent; Ca, 4.6; P, 5.6 (meg. in 100 ml.) ; Ca xX P, 25.7; phosphatase, 57.2 units 
Bodansky). Treatment: Calcium gluconate, 10 ml. of a 10 per cent solution, intramuscularly 
t10 pm. and at 12 P.M. Calcium chloride, 1 dram q. 4 h. (1 gram). Orange juice, 2 ounces 
aily. Drisdol, a vitamin D preparation, 10 ett. daily; i.c., approximately 2,500 I.U. vitamin 
. February 20, calcium chloride discontinued, 













Blood Analysis 


Date Ca P (Oy igh i ag Phosphatase 
/9/38 4.6 5.6 25.7 57.2 
/17/38 7.1 3.0 21 32 
/28/38 8.6 3.7 32 17 

/7/3 9.7 4.7 46 on 
/10/38 9.4 5.9 5} Eh 


) 
Note particularly the relation of the Ca x P values to the x-ray findings. (Photo- 
Phs and case history courtesy Dr. 3enjamin Kramer.) 
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salt laid down is normal, although the amount is insufficient. In the blood serum 
there is usually, but not always, a normal content of calcium, but the phosphat; 
is decreased. Howland and Kramer, who first discovered this, stated that if th. 
product of the serum calcium content and the serum phosphate, both expressee« 
as milligrams per 100 ml., equalled or exceeded 40, rickets did not develop; 
whereas a product of below 30 always led to rickets. There is also a marked im 
erease in serum phosphatase in rickets and a decrease when recovery is broughr 
about as a result of vitamin D treatment. The exact significance of this is nor 
known. Some believe that the increased serum phosphatase in rickets (and i 
other bone diseases) is a result of overproduction in the bone in a vain attemp) 
at bone formation. Others consider it a result of the bone’s increased capacit, 
for cellular activities because of the absence of true bone which is relativel, 
inactive. ) 

In rickets there is commonly a delay in dentition. The first tooth ij 
rachitic babies seldom appears between the sixth and ninth month, at whie: 
time it has appeared in about half of the number of normal babies. This woul! 
be expected in view of the close relationship of bones and teeth. Lady Mellanb» 
has shown also that lack of vitamin D leads to hypoplasia of teeth in dogs; thas 
is, poor structural development. This may predispose to dental caries since 
hypoplastic tooth is less effectively protected by enamel. The question as ti 
whether healthy human teeth are likely to be more carious if vitamin D is lackin: 
is still unsettled, as is also the companion question of the effect of a high vitamii 
D intake in preventing caries. Much work has been done on both of these prolt 
lems, and results indicate that vitamin D probably reduces the incidence c 
caries indirectly; that is, by improving the general health and nutrition of th 
individual. 

Osteomalacia presents a somewhat different picture from rickets, althou 
the action on the bones is essentially the same. The bone becomes softer th 
rachitic bone and the ratio of calcium to phosphorus is changed. The loss « 
calcium is greater than that of phosphorus, and there is a relative gain i 
magnesium. This softness of the bones leads to diverse types of deformiti 
Osteomalacia occurs very rarely in America or Europe, except in old age, bu 
is common in India and China, particularly among the women because of tk 
customs which confine them indoors. Thus they are deprived of exposur 
to sunshine, and their diet is also lacking in foods containing vitamin D an 
calcium. In osteomalacia the serum calcium is reduced sometimes to such 
extent that tetany ensues. Tetany is a state of muscular twitching which 
brought about by low blood ealeium. 

Another clinical condition indirectly associated with a lack of vitamin 

is celiac disease, also known as ideopathie steatorrhea and nontropical sprm 
Here, as in osteomalacia, there is a demineralization of the bones. This me 
result in deformities or dwarfism. Here, too, a low serum ealeium and lo 
serum phosphorus are found, with possible manifestations of tetany. It 

indirectly a vitamin D deficiency because the primary abnormality seems to be: 
fatty diarrhea. The fat in the intestinal canal is not absorbed normally ar 
carries with it into the stools caleium salts (soaps) and vitamin D. 
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In all of the conditions mentioned, the administration of the vitamin in 
herapeutie doses, or ultraviolet irradiation, or both, produces good results. 
Deformities cannot be rectified by this means, but further malformation may 
ye checked. Serial x-ray photographs of rachitie bones before and during 
wreatment show the effect in a striking manner. (Fig. 37.) 

Mechanism of Action.— Vitamin D has a regulatory power on ealeium and 

Ihosphorus metabolism. Both ealeium and phosphorus must be present in the 
liet in order to have the complex calcium salt deposited in bone. However, no 
natter how great an amount of these minerals is available, normal calcification 
vill not take place in the absence of this vitamin. On the other hand, if the 
upply of calcium and phosphorus is practically at starvation levels, an 
yptimum amount of vitamin D will enable them to be utilized and deposited in 
1 nearly normal manner. ‘‘Vitamin D not only acts as a regulator of the 
netabolism of these elements; it permits the body to operate with greatly in- 
reased economy’’ (McCollum). It does this by apparently influencing two 
lifferent functions. In the first place, it causes an increased absorption of eal- 
ium and phosphorus from the intestinal tract. The other action is a local one; 
t is indispensable for the actual deposition of bone. Besides the specific effect 
ipon bone, vitamin D is said to have an influence upon the general metabolic 
pondition of the body. A deficiency is accompanied by a low metabolic rate, 
which may be raised by the administration of the vitamin. 
Tests For ViraAMIN D.—In experimental animals there are several tests for 
itamin D deficiency and recovery. X-ray photographs of the distal ends of the 
una and radius show a characteristic indistinctness. When healing occurs, the 
ntire bone assumes a more homogeneous appearance and the cupped ends fill 
ut. The ‘‘line test’’ is very useful in experimental studies when it is necessary 
0 ascertain, on autopsy, the degree of healing. The split bone is treated with 
ilver nitrate. This stains the provisional zone of recalcification, leaving the un- 
alcified rachitic tissue unstained. Another method is to analyze the bone for 
otal ash. In rickets, the total ash is low, although the Ca:P ratio remains 
ormal. 

Human Requirements.—The requirements of normal infants and children 
ill depend partly upon the amount of ultraviolet light to which they are 
xposed. It should be remembered that the effective ultraviolet rays do not 
enetrate ordinary glass. Therefore, exposure to sunshine coming through win- 
ow glass is of no value. Smoke also impedes the progress of these rays and 
onsequently city sunshine is not always beneficial. For this and other 
easons, a rather wide ‘‘spread’’ in the recommended amount is suggested. This 
400 to 800 International units for infants. The same amount is advised for 
omen in the latter half of pregnancy and during lactation. For other adults 
nd for older children probably 400 units is sufficient. 

After administration of an excess of vitamin D to a mammal, it can be 
und in the circulating blood for months. It is undoubtedly stored in several 
rgans but not to a great extent in the liver, as is the case in fish. Any excretion 

by way of the bile. Since the distribution ef this factor in foods is quite 
neertain and exposure to sunshine is often inadequate for long periods of 
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time, the inclusion of moderate amounts of vitamin D in adults’—as well as ii 
children’s—diets is recommended. This is particularly true for older people 
The use of enormous doses of vitamin D for therapeutic purposes is not with 
out danger. Severe and even fatal effects have been noted. The toxie mar} 
ifestations caused by excess dosage include nausea, anorexia, digestive dis 
turbanees, and nocturia. Irreversible damage to the kidneys, as well as ¢a| 
cificeation of other tissues, results. There are many modifying factors whic 
have an influence on this toxicity, such as the form of D employed, the rapidit: 
of absorption, ete. The threshold of toxicity seems to be about 20,000 to 25,0 
units per kilogram of body weight. Such doses are not ordinarily employ 
and do not appear to be commendable. 
























Vitamin E 

The possibility that reproductivity might be dependent upon a vitamin we 
first suggested by Mattill and Conklin in 1920. The actual discovery of th 
vitamin was announced two years later by Evans and by Sure, working ind 
pendently of each other. They fed rats a diet of purified foodstuffs plus co 
liver oil and yeast. Such a diet was assumed to contain all the vitamins nee 
sary for the rat. However, although the animals grew at a normal rate, th 
did not bear young. Addition of a variety of vegetable foods rectified this co 
dition. The factor contained in these foods was termed vitamin E, the an 
sterility vitamin or fertility factor. 

Properties and Structure.—lIt is a fat-soluble and water-insoluble, ligh 
yellow oil, stable to heat and acids, rather unstable to alkalies, and is slow. 
oxidized. It is found in the nonsaponifiable fraction of the vegetable oils. 

Like vitamins A and D, there is more than one form of vitamin E. Wen 
distinguish between alpha-, beta-, and gamma-tocopherols. Alpha-tocopherol 
the most potent, has been synthesized, and is commercially available. Its str 
ture is shown below. The beta- and gamma-tocopherols differ in having one le 
methyl group than the alpha form attached to the benzene ring. 
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Occurrence.—Vitamin E is widely distributed in plant and animal tisst 
and differs from vitamin A in not being concentrated chiefly in the liver, Pz 
ticularly good sources are cottonseed oil, corn oil, peanut oil, and wheat germ © 
but not olive oil. Green lettuce leaves also have a high content and nearly 
green-leaved plants have some vitamin E. It is also present in meat, butt 
milk, eggs, and fish liver oils. Vitamin E activity is displayed by ane 
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organic compounds, some of them quite unrelated structurally to the vitamin. 
Hundreds of compounds, phenols, quinones, coumarins, ete., show more or less 
vitamin E action. Those which are similar structurally are called ‘‘vitamers’’; 
that is, substances not occurring naturally which are similar in structure and 
activity to the natural vitamin. On the other hand. slight changes in the strue- 
ture of the active tocopherols, such as shortening the side chain, may reduce or 
even abolish its physiological effects. 

Absorption.— Although there is little evidence regarding the manner in 
which vitamin E is absorbed, it is believed that it is similar to the other fat- 
soluble vitamins in this respect. Bile salts and the presence of fats are thought 
to be useful if not entirely essential. However, rancid fats destroy this vita- 
min by oxidation (see page 82). 

If the mother is on an adequate diet, the fetus absorbs through the pla- 
centa sufficient tocopherol for its needs, but not enough for storage. This 
must be supplied to the young animal (and presumably to the infant) by the 
milk. Storage occurs in various tissues (active mammary tissue, liver, heart, 
lungs, spleen, adipose tissue, and muscles), but authorities disagree as to the 
relative capacities of the different organs. 

Water-soluble forms are available. Eppstein and Morgulis found that the 
water-soluble disodium phosphate ester of a-tocopherol, when administered to 
rabbits intramuscularly, had a more rapid and constant effect than the oil- 
soluble vitamin, administered orally. 

Effects of Deficiency.—In rats a lack of vitamin E results in damage to the 
reproductive system of both males and females. There is a degeneration of the 
germinal epithelium which cannot be remedied, after it is once established, by 
feeding the vitamin. If the female on a vitamin [E-free diet does become preg- 
nant, the embryo dies and is resorbed. In mice, deprivation of vitamin E does 
not cause testicular degeneration in the male, but in pregnant females the same 
resorption of the fetus takes place as in rats (Bryan and Mason). 

At the present time it cannot be definitely stated that man requires vitamin 
E for the reproductive functions. Many clinical investigations have been re- 
ported in which vitamin E concentrates were used to attempt to remedy 
sterility and habitual abortion, but it is now rather generally agreed that vita- 
min E is of no value in these conditions. 

Besides the effects on the reproductive system, a lack of vitamin E has been 
found to cause atrophy of the voluntary muscles (muscular dystrophy) in several 
species of laboratory animals. In young mice, born of mothers deprived of 
vitamin E (after the inception of pregnancy), edema of the subcutaneous and 
intramuscular connective tissue is found, and in some cases necrosis of skeletal 
muscle fibers (Pappenheimer). If the animals survive, spontaneous cure takes 
place, even though vitamin E is withheld. In some species this is not the case ; 
the disease is progressive and continues into adult life. In chicks the deficiency 
results in an injury to the nervous system due to an impairment of the blood 
vessels in the brain. Here again there seems to be no comparable effect upon 
human beings. In rabbits it has been found that nucleic acid metabolism is 
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deranged. This is shown by a higher output of allantoin and a change in the 
content of tissue nucleic acids. (Young and Dinning.) 

Vitamin FE. has a sparing action on vitamin A and carotene. For example, 
vitamin A and earotene are more effective in curing their deficiency symptoms 
if E is administered at the same time. Ingestion of extra amounts of a-tocopherol 
increases the storage of A in the liver of rats, and many other examples of the 
close connection between these two vitamins could be cited. This biological 
relationship undoubtedly has a chemical basis. Vitamin E is an antioxidant; | 
that is, it ean prevent the oxidation of various other easily oxidized substances, | 
notably fats (see page 83) and vitamin A. For that reason it is often added 
to foods to prevent oxidation. Vitamin A is rather easily oxidized, and these 
tocopherols have an antioxidant action toward it also. Possibly this protec- 
tion is effective even within the cells. Vitamin A, it will be remembered, is also | 
essential for reproduction. Now, although the beneficial action of vitamin A is | 
primarily upon ectodermal and endodermal tissues and that of E is on the meso- 
derm, it is quite likely that E, by preventing the too rapid destruction of A, , 
indirectly influences all three layers of the embryo. 





Bicknell and Prescott feel that the basic action of the tocopherols is to 
inhibit oxidative processes in all tissues. The tissues of a young rat, suffering | 
from E deficiency, have an increased capacity for taking up oxygen before any - 
signs of muscular dystrophy occur. Injections of a-tocopheryl phosphate into 
such animals cause the tissues to acquire an almost normal degree of oxygen con- 
sumption. The antioxidant properties of vitamin E are enhanced by certain 
other substances, many of which are also antioxidants. Phenols and ascorbie 
acid are notable examples. 


Shute found that vitamin E administration is useful in the treatment of purpura (subeu- 
taneous extravasation of blood). While studying this phenomenon, he noticed an improve- 
ment in the heart condition of some of his patients. This led to treatment of cardiac and 
other vascular diseases with vitamin E, with beneficial results. His results have not been 
generally confirmed. 


Vitamin K 


Dam, a Danish investigator, in 1934 discovered a hemorrhagic disease in 
chicks due to the lack of a food factor which he called ‘‘Koagulations Vitamin.” 
I'rom this came the term vitamin K. <A deficiency of vitamin K leads to a slow- 
ing of the rate of blood clotting. More specifically, there is an increased ‘“pro-- 
thrombin time’’ (see page 191). It therefore appears that this factor is needed 
by the body for the production of a normal amount of prothrombin. It is a fat-- 
soluble substance found in various food oils and is of immense importance from. 
a medical and surgical standpoint. 


Properties.—The naturally occurring vitamin K is fat soluble and stable tor 
heat and to reducing agents. It should be kept in dark bottles since it is sensi- 
tive to light. The activity is also abolished by alkalies, strong acids, and ox~ 
idizing agents. 

Structure.—Vitamin K,, obtained from the alfalfa leaf, is 2-methyl-3- 
phytyl-1,4-naphthaquinone. Vitamin K,, produced by bacterial synthesis, is 
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2-methyl-3-difarnesyl-1,4-naphthaquinone. Many vitamers, that is, synthetic 
products with similar structures, having antihemorrhagie effects, have been 
prepared. Some of these are water soluble but only one is more potent (weight 
for weight) than K,. This is 2-methyl-1,4-naphthoquinone, which has been given 
the name menadione. This is soluble in oil, sparingly soluble in water, and stable 


to air when protected from light. Its diphosphate ester is water soluble and is 
widely used clinically. 
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Occurrence.—As mentioned, vitamin K, was obtained from alfalfa. A rich 
source of K, is putrefied fish meal. Since both of these natural types have the 
same general activity, there is no need to distinguish them. Other excellent 
sources are cabbage, cauliflower, kale, spinach, and other green vegetables. Good 
sources include tomatoes, cheese, egg yolk, and liver. It is also found in a num- 
ber of bacteria and is undoubtedly synthesized by microorganisms in the in- 
testinal tract and is available to the host. 


Absorption.—Since the natural vitamins K are fat soluble, they require 
bile in order to be absorbed, and consequently absorption occurs in the upper 
parts of the small intestine where bile salts are present. A vitamin K de- 
ficiency is very likely to occur whenever bile is prevented from entering the 
intestinal tract. This is true of most of the fat-soluble vitamins, but it is partic- 
wlarly important in the case of K because of its bearing on blood clotting. Thus, 
when there is an obstruction of the bile channels and jaundice ensues, there is de- 
layed clotting. This is not due to the occurrence of the bile in the blood, as was 
formerly thought, but to a deficiency of vitamin K, for the absorption of which 
the presence of bile is required. As in the case of fatty acids, it is probably the 
bile acids to which may be ascribed the specific function of absorption of fat-sol- 
uble vitamins. Consequently, whenever vitamin K is given per os, the presence 
of bile is essential, and if there is a deficient bile flow, a bile or bile salt prepara- 
tion should be administered. The parenteral administration of one of the 
vitamers, menadione for instance, obviates this necessity. The water-soluble 
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analogues may be given orally without the use of bile or bile salts. Excess 
vitamin K ean be stored, but it is not known in which tissues this occurs. 


Effects of Deficiency.—Animals suffering from this deficiency have a re- 
markable tendency to bleed profusely from minor wounds, and slight bruises 
result in extensive subcutaneous hemorrhages. Blood withdrawn from such an- 
imals clots very slowly; in some cases it may remain fluid for hours. This is a 
result of lack of prothrombin. Newly hatched chicks on a vitamin K-free diet 
show a gradual diminution in the concentration of prothrombin in the blood. 
Their intestinal flora produces some vitamin K but not enough to prevent 
avitaminosis without additions from the diet. Administration of the vitamin 
brings the clotting time of their blood up to normal levels within a few hours, 
The vitamin does not form part of the prothrombin molecule but has some § 
influence upon the production of prothrombin by the liver. Hepatectomized 
animals show a rapid decline in the blood-clotting power due to lowered 
prothrombin, and administration of vitamin K does not raise it. It should also 
be noted that vitamin K treatment is ineffective in the presence of a liver so | 
badly damaged that it cannot produce prothrombin, or if the intestine is in- 
eapable of absorbing the orally administered vitamin. 

In human beings the same effects are attributable to lack of vitamin K. In| 
normal newborn infants the prothrombin level is low. It usually falls still 
further and reaches the minimum on the third day of life. This is undoubtedly 
due to a lack of vitamin K. Apparently the vitamin passes from the mother 
to the fetus with great difficulty, especially toward the end of pregnancy, and, 
since the intestine of the newborn infant is sterile, there is no opportunity 
for bacterial synthesis for a while. However, the prothrombin level may reach 
normal by the end of the first week, probably as a result of bacterial synthesis 
of vitamin K, concomitant with the ingestion of milk, and the establishment of’ 
the normal intestinal flora. The. high ineidence of hemorrhage in the newborn 
infant is thus easily accounted for, and hemorrhagie disease of newborn infants’ 
is a frequent cause of infant mortality. Often an intracranial hemorrhage may” 
result in brain injury and, if the infant survives, imbecility or some othe 
mental and nervous condition may result. Prophylactic treatment is recom: 
‘mended by many clinicians. The expectant mother is given vitamin K supple-- 
ments for several days before delivery is expected. If this has not been done,, 
the infant is given such treatment soon after birth. 

In adults, it should be emphasized, there is seldom a lack of available vita— 
min K. It is either present in the food in sufficient quantity or is produced by 
bacterial activity in the intestinal canal. A deficiency in the system may usuall 
be referred to one of three fundamental causes: (1) There may be faulty absorp- 
tion of the vitamin due to lack of bile in the intestine because of an in- 
sufficient secretion of bile salts, obstruction of the bile duct, or intestinal 
lesions, obstruction, or surgical procedures in the intestine. (2) This and other 
fat-soluble vitamins may be swept into the feces, particularly if the intestinal 
contents are unusually greasy. This has been experienced in diarrheal diseases 
such as ulcerative colitis, sprue or celiac disease, or following excessive use off 
mineral oil. (3) The administration of sulfaguanidine, sulfasuxidine, or other 
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intestinal antiseptics may cause a deficiency by a limitation of the production 
of vitamin K by the intestinal flora. The surgeon, about to operate upon a 
patient known to have any of the conditions mentioned, will give vitamin K 
before the operation in order to avoid excessive hemorrhage during or after 
the operation. Bile or bile salts may be irritating and produce vomiting; there- 
fore, instead of the natural vitamin, the water-soluble substitutes may be given 
by mouth, or these or some of the others may be given parenterally. It should 
be remembered that vitamin K is not always indicated when there is prothrombin 
deficiency, which may also result from various liver diseases which render the 
liver incapable of producing prothrombin. Intake of vitamin K cannot restore 
this function. 

Human Requirements.—It is very difficult to produce a deficiency of 
vitamin K in mammals or human beings by dietary methods alone. As men- 
tioned, there is no lack of vitamin K available. Consequently no standard 
requirement can be set. 

Antagonists.—The effect of heparin and dicumarol in inhibiting blood- 

elotting was discussed on page 193. They act as antagonists to vitamin K since 
their action is to diminish the amount of available prothrombin. The salicylates 
also are antagonistic to vitamin K. Consequently when any of these are admin- 
istered over a long period of time, supplements of the vitamin may be required 
to enable the liver to restore the prothrombin level to normal. 
Antistiffness Factor.—A relatively new fat-soluble vitamin is the ‘‘anti- 
stiffness factor.’’ (Bahrs and Wulzen.) Its absence causes stiffness of the 
‘wrists’’ and ‘‘elbows’’ of guinea pigs. The muscles atrophy and become 
treaked with bundles of fine white lines of calcium deposits. Calcium phos- 
hate deposits are found under the skin, in the joints, and elsewhere. Cod- 
iver oil accelerates the onset of the condition and intensifies it. The vitamin 
s found in fresh kale or alfalfa and in fresh cream. It has now been isolated 
n crystalline form, the administration of which, in doses of 0.1 microgram per 
ay for five days, cures the condition. (van Wagtendonck and Wulzen.) It 
has now been identified as stigmasterol. (Kaiser and Wulzen.) 
















THE WATER-SOLUBLE VITAMINS 


The individual water-soluble vitamins bear no closer resemblance to each 
ther chemically than the fat-soluble vitamins. However, it is convenient to 
oup them together merely because of their solubility. It was this charac- 
leristic which was the first basis for classification. It also becomes of some 
portance from nutritional and clinical aspects. That is, vitamin deficiencies 
re likely to be multiple in nature and often may be mixed ‘fat-soluble vitamin 
eficiencies or mixed water-soluble vitamin deficiencies. The water-soluble 
itamins include ascorbic acid, thiamine, niacin, riboflavin, pyridoxine, panto- 
henie acid, biotin, p-aminobenzoic acid, pteroylglutamie acid, and vitamin By». 
nositol and choline are frequently included in this list, but it is felt by many 
utritionists that they are not true vitamins, although deficiencies of them in 
he diet of experimental animals cause characteristic symptoms to develop. 
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However, both normally occur in animal tissues in amounts greater than are 

generally associated with vitamin values. Neither of them appears to be « 

coenzyme nor a part of one. They have been discussed in other sections. 
Vitamin C 

Seurvy was probably the first disease to be definitely associated with a foo 
deficiency. It was common in Europe in the fifteenth century and must hay’ 
been known long before that. It frequently occurred among sailors on lon 
voyages when fresh food was not available. An instance of this was the voyag 
of Vasco da Gama around the Cape of Good Hope. He lost more than hal. 
of his crew from scurvy. In 1535 Jacques Cartier’s men were stricken with thi 
disease during their explorations in Canada. Several died and the remainde: 
were saved by drinking an extract of the leaves of an evergreen tree, as im 
structed by a friendly Indian. Scurvy was long the dread of Arctic explorer: 
who had to provide food for months in advance and were, of course, unable t: 
take fresh foods. It is said that Dutch mariners, as early as the fifteenth cer 
tury, knew of the efficacy of fresh vegetables and citrus fruits in the cure @ 
this condition. In 1747 Lind, a British naval surgeon, treated a number of scom 
butic sailors on his ship with different medicaments, including fruit juice: 
He observed dramatic recovery in those partaking of lemons and oranges an‘ 
recommended lemon juice as a standard part of the ration. It was not unt: 
1795 that this advice was heeded and the government had limes put into th 
ration of the British sailor. From this is derived the sobriquet ‘‘limey.’’ IT] 
1843 Pereira referred to lemon juice as ‘‘one of our most valuable antiscorbut= 
foods.’’ 

In seurvy there occur anemia, pains in the joints and hemorrhages from 
the mucous membranes of the mouth and gastrointestinal canal, skin (Fig. 38 | 
muscles and subperiosteal tissues. The gums are particularly affeeted, showinr 
swelling, redness, ulceration, and even gangrene (Plate 1). Weakness and emacs 
ation are seen in later stages. There are definite defects in skeletal calcificatic 
without much disturbance in mineral metabolism. For example, x-ray examin. 
tion of the bones in scurvy shows a white line on the outside of the shaft, a lin 
not seen in normal bone. The pathological change leading to all of these symp 
toms is a weakening in the endothelial wall of the capillaries, because of a 
duction in the amount of intercellular substance. The body normally produe 
intercellular material, absorbs it, and replenishes it continually. It is this ne 
formation of cementing and supporting material which does not occur in tll 
absence of vitamin C. This deficiency in supporting material may extend to tll 
cartilage, bone, muscles, and other tissues and is responsible for the sympto 
mentioned. Vitamin C is essential for the production of intercellular materig 
For this reason it is necessary for the healing of wounds. 

Occurrence.—From a nutritional standpoint, the citrus fruits and tomato’ 
are the best sources of vitamin ©, the antiscorbutie vitamin (now usuall 
called ascorbic acid). Other natural sources may be richer in © but they a 
either inedible or are not consumed in considerable amounts. For example, bor 
green peppers and parsley are richer than oranges in this vitamin, but they « 





















Plate I.—Gingivitis in latent scurvy. (Courtesy of Dr. Tom D. Spies.) 
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Fig. 39.—Photomicrographs of vitamin crystals. A, Thiamine; B. riboflavin: C, niacii 
D, pantothenic acid; H, pyridoxine; F, ascorbic acid; G, biotin (methyl ester): H, vitamin 
(alcohol) ; J, vitamin De; J, alpha-tocopherol palmitate: K, vitamin K; L, vitamin Bis (4 
C, D, L. F, and L, courtesy Merck and Co., Inc., Rahway, N. J.; G, courtesy Research Labou 
tories, S.M.A. Corporation, Chagrin Falls, Ohio; and H, I, J, and K, courtesy Distillation Pre 
ucts, Inc., Rochester, N. Y.) 
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not enter into the dietary to any great extent. Spinach and other greens ar’ 
good sources of it also, but they lose their vitamin C content progressively 
on storage at room temperature. Citrus fruit juices and tomato juice may bu 
canned with but slight loss of the antiscorbutic factor. However, they shoula 
not be permitted to be in contact with air for a long period of time because 0" 
loss by oxidation. The practice in hospitals of preparing fruit juices twelv" 
or more hours in advance is to be deplored unless they are kept in closed vessels 
Cantaloupes, strawberries, cabbage, and turnips, when raw, are all abou 
equivalent to tomatoes, but the two latter lose some C in cooking. Potatoes, fres!) 
peas, asparagus, and lettuce are good sources also. Ascorbie acid oceurs t. 
some extent in animal tissues. In 1928 Szent-Gyorgi found a ‘‘hexuronic acid” 
with high reducing power in the adrenal cortex and later showed that it ha 
antiscorbutie properties. While this is important when considering the functio 
of the adrenal cortex, it is of little value from the standpoint of food soure 
of the vitamin because of the almost insignificant quantity of tissue involvec 
The same is true of corpus luteum, which is said to have a high content of if 
Most fresh animal tissues have small amounts of vitamin C. Liver is the bes 
animal source, although fish roe and milt are also reported as being rathe» 
rich in asecorbie acid. 

Cow’s milk contains very small amounts of ascorbic acid which vary wit. 
the cow’s fodder. In summer, when the cows are in the pasture, their milk i 
relatively high in ascorbic acid, but in winter, or whenever fresh food is 
available, the milk has little antiscorbutic value. Human milk has a somewh 
higher vitamin C content, but here, too, it is dependent upon the quality of t 
food. Pasteurizing milk in uneapped bottles has been found to be mo 
destructive of vitamin C than in capped bottles, because the surface of t 
milk is in contact with the oxidizing influence of the air. It is, accordingly, quitt 
apparent that babies should have supplements of orange juice or tomato juic 
at least until they receive a varied dict. 

Properties.— Vitamin C is water soluble and insoluble in fats and oils. I 
is very sensitive to oxidation, particularly in the presence of copper, but not ¢ 
aluminum. Therefore, foods prepared in copper vessels or with copper uter 
sils lost this factor quickly. It is also rapidly destroyed by alkalies but ° 
fairly stable in weakly acid solutions. Consequently, baking soda has a harmft 
effect. Cooking in steam has little destructive action upon the ascorbie acid c 
foods, if they are neutral or slightly acid, but cooking in open vessels permit 
oxidations to occur. Drying vegetables usually results in a loss of ascorbie acia 
but many investigations have been under way in the attempt to provi 
desiceated foods which shall have all the vitamins, including C, unchange 


Because it is so easily oxidized, it is a strong reducing agent. Freezing has 
deleterious effect upon this vitamin. 































Effects of Deficiency.—The guinea pig is the standard animal for dem 
onstrating vitamin C deficiency and it has been used in the biological assat 
of foods for this vitamin. At first there is good growth on the vitamin C-fre 
diet, but in about two weeks growth ceases and symptoms begin to appea 
The joints become swollen and tender and the animals show signs of pain wh 
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si are pressed. The animals may lie on their sides or assume a peculiar 
seurvy’’ position, lying flat with hindlegs sprawled. They may be excitable at 
irst but soon become very quiet and not easily disturbed. There may also be en- 
argements of the junctions of the ribs with the cartilages, as well as other bone 
esions. Hemorrhages of the gums and loosening or breaking of the teeth may 
ecur. Small amounts of orange juice will change the picture even at a very 
ate stage, and animals may be brought back to an almost normal condition 
ite rapidly. 


It has been thought that rats and mice require no ascorbic acid in their diets. However, 
hey cannot entirely dispense with it (Kleiner and Tauber), and their ability to get along with 
xceedingly small amounts is due to the fact that they must synthesize it in their intestines 
r in their tissues, because it has been shown that the administration of a structural inhibitory 
nalogue will precipitate scurvy (see Chapter 24). Glucoascorbie acid is the substance which 
an compete with ascorbic acid and cause a vitamin deficiency in mice and also in guinea 
igs. (Woolley and Krampitz.) It has an additional CHOH in the chain but is otherwise 
dJentical with ascorbie acid in structure. ] 


In man an extreme deficiency results in scurvy as already described. But 
n our ordinary life such marked deficiencies seldom occur. There do occur, 
owever, deficiencies of various grades, due either to a subnormal intake of the 
itamin or to an increased requirement. (See Fig. 38.) These deficiencies may 
esult in slow healing of wounds and decreased ability to combat infections and 
o metabolize amino acids, especially tyrosine, as well as in the secorbutie symp- 
oms already mentioned. It has been shown that vitamin C is a threshold 
ubstance; that is, it is not secreted by the kidney until the ascorbie acid 
evel in the blood exceeds a certain value, which in turn depends upon the 
egree of saturation of the body tissues. It is not stored in the way that 
itamins A and D are. As will be seen, there are methods of determining vitamin 
chemically which are much quicker than the biological assay. Therefore, the 
egree of saturation of the tissues with vitamin C may be easily estimated by the 
id of such methods. One clinical test is the determination of the concentration 
f ascorbic acid in blood plasma (Farmer). The normal range is 0.6 to 2.5 mg. 
er 100 ml., but subnormal values have been found in some cases during preg- 
ey and lactation and in all cases of scurvy. Some other conditions in which 
w values have been found are infectious disorders, congestive heart failure, 
idney and liver diseases, gastrointestinal disturbances, purpura, endocrine 
es, and malignancies. It cannot be stated that in any of these conditions the 
ek of vitamin C is a primary causative factor, but it may be significant that the 
itamin C blood level is found to be reduced in many pathological states. 
t is probably a result of increased requirement for the vitamin or a lowered 
reshold for its excretion, but nevertheless it may contribute to the pathological 
ondition of the patient. After burns, fractures, or extensive surgery, there 
also a marked diminution of plasma ascorbic acid. 

Another clinical test depends upon the amount of the vitamin excreted 
the urine after a test dose of ascorbic acid has been administered. If the 
ssues are well supplied with the vitamin, a larger amount is eliminated. 
they are in need of it, more will be retained. Another interesting test is the 
ility of the tissues to bleach a dye, sodium 2,6-dichlorobenzenone indophenol. 
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This is the same dye as is used to determine vitamin C quantitatively in bloo« 
urine, and foods. The dye is injected under the skin and forms a blue spor 
If no ascorbie acid is present, the color remains, but with increasing concentr 
tion of vitamin C in the tissues the spot disappears more and more rapid} 
Children on normal diets, except for citrus fruits and tomatoes, quickly develo 
a lack of vitamin C as shown by this test or by blood analysis, even thougy 
no gross clinical symptoms may be present. (Slobody, Benson and Mestern: 

Structure and Mechanism of Action Ascorbic acid is a hexose derivativy 
Its formula together with those of two closely related compounds is given b» 
low. In fact, it has been shown that glucose, labelled at any one, or all, « 
its carbons, is converted, in the rat, into correspondingly labelled ascorb 
acid. (Horowitz and King.) 



















O=C—— o=C—— o={Cc—OH 
| | | 
|| O > | O H,0 
HO—C —— ==6 —— 7 P O=C 
| +2H | 
HC—— H-—C—— H—0=OH 
| | | 
HO—C—H HO—C—H HO—C—H 
| | | 
CH,OH CH,OH CH,OH 
L-Ascorbie acid Dehydro-L-ascorbie acid 2,3-Diketo-L-gulonic ac 


As seen from these formulas, L-asecorbic acid and dehydro-L-ascorbie ac 
are lactone derivatives of the diketogulonic acid. When ascorbie acid is oxidiz 
it loses two hydrogen atoms and becomes the dehydro derivative. The latt: 
may be reduced to the original ascorbic acid form. Both of these are biologica 
active, but the stereoisomer, p-ascorbie acid, is not. When dehydro-L-ascork 
acid is hydrated it changes to 2,3-diketo-L-gulonie acid which not only is ii 
active biologically but cannot be converted back to either of the active form 
Since this hydration takes place spontaneously in neutral or alkaline soluti 
it is easily seen that the oxidation of ascorbic acid frequently means its biologic 
inactivation. 

Since L-ascorbie acid is so easily oxidized to its dehydro derivative an 
vice versa, it is believed that this reaction takes place in the tissues. It may b 
part of one of the important respiratory enzyme systems. It can be oxidiz: 
and reduced by glutathione which may also be a part of the system. Thus: 

GS - SG 
——> 
Ascorbic acid + Enzyme  dehydro-ascorbie acid 


——— 
2 GSH 


Besides this action, ascorbic acid has been described as a coenzyme 
cathepsin, for liver esterase, and for other enzymes. It also appears to ha 
something to do with the metabolism of tyrosine. (See page 382.) Reece 
studies indicate that another function is its role in the conversion of folie ac 
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into a physiologically active form. Whether any of these functions is con- 
ferned in the part which ascorbie acid plays in renewing the cement substance 
to all tissues is not known. 


QuaNTITATIVE DETERMINATION.—The assay of vitamin C in foodstuffs was 
for a long time possible only by the biological method; i.e., by feeding experi- 
ments. Such a method was very time consuming, but now there are chemical 
procedures which are fairly accurate. These are applicable to blood and urine 
as well as to foods. All depend upon the reducing action of ascorbic acid. If 
the total vitamin C content (i.e., ascorbic acid*plus dehydroascorbie acid) is to 
be determined, the dehydro form must first be reduced to ascorbic acid. This 
may be accomplished by bubbling H,S through the solution. The most common 
method of assay is based on the reduction of a dye, 2,6-dichlorophenolindophenol, 
which changes from blue to colorless as it is reduced and as the vitamin is ox- 
idized. This may be a titration or a colorimetric procedure. Other easily re- 
duced agents such as potassium ferricyanide may also be used. 

Human Requirements.—l'or adults the recommended daily allowance is 
75 mg. with a minimum set at 80 mg. Infants should have 30 mg. a day, with 
a 10 mg. minimum, and, as the child gets older, a gradually increasing amount 
is required until a maximum need is reached at adolescence. At this time, from 
80 to 100 mg. are recommended. Even higher amounts are desirable in preg- 
naney and lactation to provide for the growing fetus and for the secretion of 
some of the vitamin into the milk. 





The Vitamin B Complex 


When the vitamins were first designated ‘‘fat-soluble A’’ and water-soluble 
B,’’ only one active principle was thought to be present in each. ‘‘Water- 
soluble B’’ had growth-promoting properties for the rat and cured the poly- 
neuritis which had been produced in pigeons by feeding them polished rice. 
In man, the disease beriberi was found to result from a deficiency of vitamin B 
and to yield to treatment with it. Later, pellagra was shown to be due to a 
deficiency of something present in vitamin B preparations. The designation 
P-P (pellagra preventive) was at first assigned to it. Additional factors were 
eparated, at first on the basis of varying biological reactions, using different 
urces and different species; later on the basis: of adsorbability by Fuller’s 
arth and other physical or chemical properties. A vitamin B complex factor 
is, according to Ansbacher’s definition, (1) a natural constituent of yeast, liver 
r cereals, (2) water soluble, (3) a growth-promoting substance for micro- 
rganisms, (4) a coenzyme or activator of enzymatic processes, (5) physio- 
ogically effective in minute amounts, and (6) a substance, the absence of which 
n the diet, causes a deficiency disease. 

Two systems of nomenclature were used: one giving each factor a different 
etter, as vitamin B and vitamin G, and the other naming them B,, B,, B,, ete. 

though the latter system is being used more than the former, there is a 
rowing tendency to abandon both for the definite names of the compounds as 
n as they are isolated. Thus, the group includes thiamine (B,), riboflavin 
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(B.), pantothenie acid (B;), niacin (B;), pyridoxine (Bg), biotin (Br), foli 
acid (pteroylglutamie acid) (By), p-aminobenzoic acid, and By». In 1926 th 
group could be separated into two fractions, one stable to heat and unadsorbec 
on Fuller’s earth, the other destroyed by prolonged heating at over 100° C 
and strongly adsorbed. The latter, the thermolabile group, contains thiamine 
vitamin By. 

Vitamin B, 

Vitamin B,, or thiamine, has been called the antineuritic or antiberiber 
factor; in Europe it is designated ‘‘aneurin.’’ A marked deficiency of thiamin« 
in the diet results in: 

1, Arrested growth of young animals. This is a specific effect on growtl 
not due to the inhibitory influence upon appetite which this vitamin also exerts 

2. Polyneuritis in animals. Birds develop acute polyneuritis after severa 
weeks and are unable to fly, walk, or even to stand. Death occurs unless th: 
vitamin is given. Rats develop, among other symptoms, a bradycardia (slowing 
of the heart rate). Both the curing of the polyneuritis of pigeons and of th: 
bradycardia of rats have been used in methods of biological assay. 

3. Beriberi in man. This disease is common in the Orient but also oceur 
in other parts of the world. In the adult it is characterized by polyneuritis 
with muscular atrophy, cardiovascular changes, and edema (Plate II). At firs 
there is weakness and fatigue, followed by headache, insomnia, and dizziness 
loss of appetite, and other gastrointestinal symptoms, and tachycardia. | Late: 
the major symptoms may follow chiefly one of the following patterns: (a 
nervous symptoms (dry beriberi); *(b) symptoms associated with edema an 
serous effusions (wet beriberi); (¢) symptoms of heart involvement (acut' 
pernicious beriberi). Often the symptoms will be characteristic of more thar 
one of these three classes and are called mixed beriberi. Although beriberi is 
thiamine deficiency disease, it is almost always accompanied by deficits 
other vitamins. This is true of all vitamin B complex deficiency conditions i. 
man, and perhaps of others as well. 


Beriberi in infants results when their diet is restricted to the milk of mothen 
suffering from beriberi and undoubtedly is due to a lack of thiamine in th 
milk. It occurs suddenly. The symptoms include rigidity of the body, cor 
stipation, diminished flow of urine (oliguria), a peculiar whining, weaknes: 
edema, enlargement of the heart, cyanosis, and a rapid, irregular pulse. 

Occurrence.—The vitamin is present in many plant and animal food! 
Whole grains, legumes, beef, pork, liver, nuts, and yeast are the best source: 
while fair sources are eggs, fish, and many vegetables. However, althoug: 
widely distributed, many foods have such small amounts present that parti 
thiamine deficiencies can easily occur. The milling of wheat flour has lowere: 
its thiamine content more than 80 per cent; as a consequence, enrichment « 
white flour or of white bread with thiamine is widely practiced. Furthermor 
because of its solubility in water, much B, may be lost if the water in whic 
foods are cooked is discarded. The desirability of utilizing these “ 
for soups, gravies, and sauces is evident. 







cook waters 











late I].—Pitting edema of the leg in thiamine deficiency. (Courtesy of Dr. Tom PD. Spies.) 
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Foods may be classed in general into three groups in regard to their 
thiamine content: 

I. The foods highest in thiamine are whole cereals, lean pork, heart, and 
kidney, although none of these is rich to the Same degree as are some foods 
in vitamins A, C, and D. 

II. Foods high in thiamine consumed in relatively small amounts, such as 
yeast; and foods low in thiamine but consumed in relatively large amounts: 
meats other than those mentioned in Group I, milk, fresh fruits, and vege- 
tables. The livers and roe of fish are reasonably good sources of thiamine, 
as well as of the other vitamins of the B complex. 

III. Foods quite deficient in thiamine: white flour (not enriched), polished 
rice, white breakfast cereals, spaghetti, macaroni, refined cane sugar, and 
molasses. 

Properties.—Thiamine is a white, erystalline compound, readily soluble in 
water, slightly soluble in ethyl alcohol, but insoluble in ether and chloroform. 
lt has the odor and flavor characteristic of yeast. The aqueous solution has an 
cid reaction and is optically inactive. In the dry condition it is relatively 
stable to heat up to 100° C. but is slowly destroyed by moist heat. Acid retards 
ind alkali hastens this destructive action. In cooking, thiamine is not destroyed 
jo any great extent if the temperature is not much above 100° C., if the reaction 
s not alkaline, and if the heating is not continued for too long a time. 

Structure.—The structure of thiamine has been determined to be: 





| 
N = C—NH, HCl C = C—CH,CH,OH 
| ie 
H,C—C C——CH,——-N + 
Ae Ht \ 
N——CH cl c——s 
| 
H 


Thiamine chloride hydrochloride 


t has been synthesized and the synthetic vitamin is frequently used in medicine. 
t occurs in nature either as the free vitamin or as the pyrophosphate. In study- 
g the structure of thiamine it should be observed that it contains a pyrimidine 
ucleus and a thiazole nucleus: 


4 5 
ooo (4. Cr C 
2 é é 5 3 Nn’ 
| | \, 4 
= 6 ro 
1N 6 : 5 
Pyrimidine Thiazole 


0 other natural compound contains thiazole, although various biological 
bstances contain sulfur. The pyrimidine is also unique in that it is the only 
atural pyrimidine having an alkyl group in position 2. It is interesting to 66 

t plants can use a mixture of pyrimidine and thiazole eompounds in place 
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of thiamine itself, whereas animals require the complete vitamin. An apparen 
exception to this latter statement is the discovery that polyneuritic pigeon 
may be cured by being fed very large doses of a mixture of these intermediates 
Perhaps a preliminary synthesis is brought about by microorganisms in th 
intestinal tract. 

Mechanism of Action.—Thiamine is involved in the intermediary metab 
olism of carbohydrates in all the cells of the body. Several oxidative phe 
nomena have been shown to depend upon it, and probably they are related t 
each other. Brain tissue from pigeons having severe thiamine deficiency take 
up oxygen at a lower rate than normally. This rate can be increased by addin: 
thiamine to the tissue. Such tissue is also found to have an excess of lactate anc 
pyruvate, and it has been suggested that the neuritic symptoms may be a resul 
of excess of pyruvate. The vitamin, linked to phosphorie acid, becomes thiamin 
pyrophosphate. This is a coenzyme, ‘‘cocarboxylase,’’ and is essential to 
number of enzyme reactions including the one in which pyruvie acid is de 
earboxylated (see Chapter 16). Usually the content of cocarboxylase in blooe 
parallels that of thiamine. However, in diabetes mellitus there is « hig! 
thiamine content with a low coecarboxylase. The suggestion is that insulin ii 
necessary for the normal processes of thiamine phosphorylation; and the lae 
of this coenzyme results in a failure of the oxidative reactions in diabetes 
(Goodhart and Sinelair; Siliprandi and Siliprandi.) 


Human Requirements.—Thiamine is not stored in the tissues to any grea 
extent and loss of this water-soluble substance continually occurs by way of thi 
urine. Apparently the thiamine content of the tissues varies somewhat with th 
amount in the food, and, consequently, following a period of overabundance, 
temporary reserve will be built up sufficient to take care of the individual for 
few weeks. Ordinarily, however, any loss must he made good soon after * 
occurs. There are various factors which influence the requirement and all mai 
be related to the amount of carbohydrate metabolized: (a) age—children re 
quire more per kilogram of body weight than adults; (b) activity—thiamim 
needs vary with calorie requirements; (¢) pregnancy and lactation—here agail 
greater amounts must be provided for the fetus or the suckling infant; (& 
diet—high carbohydrate increases the need for thiamine. Substitution of fe 
for carbohydrate decreases the thiamine requirement, while protein seems f 
have no specifie effect. The recommended allowances are about 1.5 or 2.5 mg. . 
day (0.5 to 1.0 mg. per 1,000 calories) (see Table XXIX, page 326). 

In view of its limited distribution in foods, thiamine is almost the on! 
vitamin which may be lacking even in a fairly good diet. In patients on 
restricted diet, or with a diuresis leading to a rapid loss, the deficiency may It 


very real. Administration of thiamine under these circumstances is wide 
practiced. 








If raw clams, or certain other raw seafood, are included in the diet, a thiamin 
present may destroy enough thiamine to produce a deficiency. (Melnick.) The enzyme acti. 
is a cleavage between the pyrimidine and thiazole rings. Horses and eattle which consu 
large ‘e R oe: r g . 4 = . x . . . . 
arge amounts of fern sometimes become ill of ‘fern poisoning.’’ This has been shown 


be another type of thiamine antagonism, not enzymic in nature, since heated ferns are jit 
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s effective. (Weswig.) Several possible explanations have been offered, among them the 


lea that an inhibitory structural analo ithiami 
analogue, such as pyrithiamine, may b s i i 
lant. (See Chapter 24.) ‘ . Roget + 


Other Clinical Applications.—Clinically the administration of thiamine 
as met with considerable success in a number of conditions besides frank 
eriberi. Indeed, beriberi is very infrequently seen except in the Orient. As 
ght be expected, other types of neuritis have been treated with thiamine on 
general principles.’’ Aleoholie neuritis and pregnancy neuritis seem to be 
ue to a lack of this vitamin, and definite improvement is usually seen upon 
eatment with thiamine alone, or, preferably together with other constituents 
E the vitamin B complex. If the neuritis is not associated with a thiamine 
vitaminosis, the administration of thiamine does not help, nor does it if 
ermanent destruction of nervous tissue has taken place. 


In various forms of nutritional deficiency there are symptoms of cardio- 
ascular disturbance. Weiss and Wilkins showed that B, administration usually 
meliorated these symptoms even though the patient was suffering from a lack 
f several vitamins. Gastrointestinal disorders, also, have been ascribed to 
liamine deficiency. Lack of appetite and loss of muscular tone of the stomach 
nd intestine were first shown in animals. It is more difficult to correlate a 
ttamin deficiency with gastrointestinal symptoms in man because of the great 
umber of other factors which enter into the picture. However, several investi- 
ators believe that a certain group of symptoms is frequently caused by lack of 
liamine. These include loss of appetite, low gastric HCl, atony of the stomach 
hd intestines, constipation, and a marked tendency toward the development 
intestinal inflammatory processes. Treatment of gastrointestinal conditions 
th thiamine (and other vitamins) may require parenteral administration 
ce the intestinal disturbance may operate to prevent absorption of the 
tamin. 


















i 


The Heat-Stable B Vitamins 


The heat-stable fraction of the ‘‘original vitamin B’’ has been found to 
mprise a number of different vitamins, frequently called the B, complex. 
ese are riboflavin, niacin, pyridoxine, pantothenic acid, and biotin. Choline, 
aminobenzoie acid, and inositol are also of nutritional importance but are 
t considered to be true vitamins. They will, however, be discussed in this 
apter. 

Riboflavin 


No recognized disease is associated with an exclusive deficiency of ribo- 
vin, but in pellagra, which is due to a lack of niacin, there is usually also a 
k of riboflavin. In rats a riboflavin-free diet causes, besides a cessation of 
owth, vascularization of the cornea, frequently a loss of hair, and scaliness of 
é skin (with pediculosis) ; later, cataracts may develop. Dogs also develop cat- 

ts if deprived of riboflavin. In the human being it is doubtful whether cata- 
t is a result of this deficiency. In man there is cheilitis, a condition which is 
aracterized by inflammation of the lips, fissures at the corners of the mouth, 
iness, greasiness, and fissures in the folds of the ears and nose (Plate III). 
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Some initial trauma or infection is likely to be followed by a skin lesion if 
riboflavin deficiency is present. (Sebrell and Butler; Horwitt.) There mé 
be ocular disturbances such as inflammation of the cornea, bloodshot eye 
photophobia, dimness of vision, and itching, burning, and dryness of f] 
eyes with redness of the conjunctiva. The increase in the blood supply to the e 
may be an attempt to furnish oxygen by means of oxyhemoglobin to tissues whi 
ordinarily depend more upon the respiratory functions of the vitamin the 
upon the respiratory pigment of the blood. 

Properties.—Riboflavin is an orange-yellow crystalline compound. It 
water soluble and heat stable, especially in acid solution, but very easily deco 
posed by exposure to light. Its water solution exhibits a yellow-gre¢ 
fluorescence. It is a pigment consisting of dimethylisoalloxazine attached to 
pentose. In nature it may occur as the free pigment, as riboflavin phosphat 
or as a constituent of flavoproteins. Its structural formula is: 
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Riboflavin 


Distribution.—Riboflavin occurs widely in nature. Milk is an importa: 
source of it. Lactoflavin. one of the pigments of milk, is identical with rik 
flavin. Other excellent sources are meats, especially liver and kidney, fis 
and eggs. Leafy vegetables are richer in riboflavin than they are in thiamin 
Fruits and most root vegetables contain moderate quantities. Whole eral 
cereals, and milled flour are not good sourees. 

‘Mechanism of Action.—The flavoproteins, that is, combinations of rill 
flavin with proteins, are enzymes which function in tissue respiration. These @ 
termed ‘‘yellow enzymes’? because they all contain the orange-yellow riboflaw 
or some similar substance and include the ‘‘yellow enzyme”? of Warburg, L- a: 
p-amino acid oxidases, diaphorase, cytochrome e reductase, liver aldehy. 
oxidase, and xanthine oxidase. They are all dehydrogenases and ean 
alternately oxidized and reduced. All of them have extremely important int: 
cellular activities and emphasize the necessity of adequate riboflavin supplies: 
the diet. 


: 7 F 
, PSAUE BREN a "he recommended daily allowances of riboflavin are abe 
| or 2 mg. for children and 2 or 3 mg. for adults. A well-diversified dietary W 
furnish these amounts, but it has been pointed out that appetite alone may le 


the individual to select food with a distinet deficiency in riboflavin 













Plate III.—Cheilitis and photophobia following vitamin B complex deficiency. (Courtesy of 
Dr. Tom D. Spies.) 











late IV.—Early glossitis of vitamin B complex deficiency. (Courtesy of Dr. Tom D. Spies.) 
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Excretion. Riboflavin is excreted predominantly in the feces and to a 
lesser extent in the urine. During riboflavin avitaminoses this small urinary 
fraction diminishes greatly. It is excreted mostly in the free form but in varying 
amounts as the phosphoric acid ester. Another flavin, uroflavin. is also found 
in the urine. It is similar chemically to riboflavin but appears to be more 
soluble in water and to contain more oxygen. It is probably derived from ribo- 
flavin. 

Niacin (Nicotinic Acid) 


Pellagra is a disease which was long prevalent in southern Europe and in 
southern United States. Most cases occurred in the low income groups, where 
liet was restricted to a few cheap foodstuffs. Concurrent with monotony of 
liet was the crowded unsanitary housing of the poor. This coincidence of cir- 
sumstances led the early investigators to two hypotheses: the disease must be 
lue either to a nutritional defect or to an infection. The latter hypothesis had 
nany supporters, and it was with great difficulty that the nutritional nature of 
he disease was established. We owe this chiefly to Goldberger and his colleagues 
n the United States Public Health Service. They conducted a long series of 
nvestigations, the most interesting of which was the prison farm experiment. 
'welve convicts were promised pardons if they would agree to subsist on a diet 
£ cornmeal, cornstarch, sweet potatoes, rice, syrup, and pork fat for a year. 
Phis was the diet which Goldberger knew was typical of that consumed by 
bellagrous families. One of the subjects found the diet so much worse than the 
egular prison farm fare that he refused to continue. The others kept on with 
he diet, under the same sanitary conditions as the other prisoners on regular 
rison fare. Before the year was up more than half of the subjects showed 
mptoms of pellagra, while no such symptoms appeared among the prisoners 
n the usual diet. At first it was thought that an amino acid deficiency was re- 
onsible. Later it was considered to be purely a vitamin problem, and in 1926 
oldberger discovered that yeast, heated to destroy its thiamine, still had 
rative action on pellagra. This was provisionally called the pellagra-preven- 
ve (P-P) factor. Elvehjem and his co-workers proved that nicotinic acid 
niacin) and its amide weve capable of curing ‘‘blacktongue,’’ a deficiency dis- 
e of dogs, and soon it was shown to be identical with the pellagra-preventive 
ctor. However, investigators were confronted with a number of facts about 
ellagra which could not be explained by a purely vitamin theory. One of 
ese was that for the cure of pellagra not only niacin was needed, but also 
equate amounts of good quality protein foods, such as milk, which is low 
niacin. Another fact was that a diet composed largely of corn led to the de- 
lopment of pellagra, even though an apparently sufficient amount of niacin 
as present. Animal experiments substantiated this and later led to the ob- 
rvation that addition of casein to the diet has an effect which counteracts 
at of the corn. Soon the amino acid tryptophan was found to be the factor, 
cking in corn proteins, but present in casein, which simulated niacin. Krehl. ) 
he explanation of this niacin-tryptophan relationship is as follows: 

Tryptophan can be transformed into niacin by the body tissues and 
us contributes to the body’s supply of the vitamin. This could oeeur in the 
llowing manner. Tryptophan is normally converted to kynurenine (see 
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page 383); this may be oxidized in the liver and kidney to hydroxyanthranilic 
acid, which has been shown to substitute in animals for niacin (Mitchell 


Priest). 


‘ Y 
—CO-CH,-CH(NH,) COOH 4~ coon AN ooou aN 
_: — — 
7 V/\ o=0 / SZ 
a AAs NH, a NH, N 
Kynurenine Hydroxyanthranilie acid Nicotinie 


For this transformation the presence of pyridoxine seems to be necessar) 
(Hurt; Bonner and Yanofsky). 
In pellagra there occur patches of dermatitis, soreness and inflammation 
of the tongue and mouth; alimentary disorders including achlorhydria anc 
diarrhea, and pigmentation and thickening of the skin (Plates IV and V) 
There is usually a rash which appears symmetrically on the sides of the bod: 
and the backs of the hands and arms. The pigmentation of the skin may persis: 
for years after the dermatitis has healed. Nervous disorders and mental disturb: 
ances occur, particularly in the later stages. Some of the mental symptom: 
seen in chronie aleoholism have been ascribed to a niacin avitaminosis, at leas: 
in part, since the diet of many alcoholics is deficient in all of the B vitamins 
While these are the typical pellagrous symptoms and the administration 0) 
niacin relieves them, as a rule other symptoms may accompany them; also, as 
rule, the administration of niacin does not entirely cure the patient. The reasor 
is that, together with the deficiency of niacin, there is usually a deficiency o 
riboflavin and thiamine as well. Often other food factors are missing so the 
other vitamins may have to be administered. A well-rounded and complete die 
must be insisted on in order to prevent the recurrence of the symptom complex 
Properties.—Although niacin was discovered as a vitamin comparativell 
recently, the compound was known long before the ‘‘vitamin era.’’ Since - 
could be produced by the oxidation of nicotine, it has been known as nicotin® 
acid. This name was considered misleading by some and therefore the term 
niacin and niacin amide, respectively, were coined for the acid and its amid: 
although nicotinie acid and nicotinamide are again being preferred. Whe 
pure, it occurs as white, needlelike crystals. It is water soluble and stable i 
air, and also to heat. There is little loss in cooking unless the ‘‘cook water" 
is disearded. 
Structure.—The structural formulas of the acid and the acid amide are 
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‘ 
Plate V.—Results of severe niacin deficiency. A, Lesions of the hands in pellagra; B, same 
patient after treatment with niacin amide. (Courtesy of Dr. Tom D. Spies.) 
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Occurrence.—Niacin is found in largest amounts in meats, especially liver. 
‘ish and eggs are also good sources, as are some cereals and vegetables 
otably whole wheat and unpolished rice, and peanuts. However, Sonines 
f our staple vegetable articles of diet are not particularly rich in niacin and 
herefore vegetarian diets may be lacking in this vitamin. While whole wheat 
san excellent source of niacin, most of this vitamin, like thiamine, is lost in the 


ailing process. It is now one of the substances used to ‘‘enrich’’ white flour 
r white bread. 


Effects of Deficiency in Animals.—The dog, pig, and monkey are the only 
ae mental animals which exhibit symptoms as a result of niacin deficiency. 
Jhittenden and Underhill in 1917 described a condition in dogs known as 
‘blacktongue.’’ This is characterized by a sudden refusal to eat the deficient 
liet, apathy, and lesions in the mouth. The inner surface of the lips and cheeks 
come covered with pustules and the mucous lining comes away in shreds. In- 
ense salivation and bloody diarrhea are additional symptoms, and there may 
pustules on the thorax and upper abdomen. In monkeys the chief symptoms 
re tender bleeding gums leading to ulceration and necrosis of the gum tissues. 
Jincent’s infection is likely to set in and if niacin is not provided, monkeys die 
isually in from two to six weeks. 

Mechanism of Action.—Niacin has been shown to be a part of two very 

mportant coenzymes: coenzyme I and coenzyme II. These are nucleotides, the 

tructural formulas of which are shown on page 347. They are members of 

nzyme systems which are concerned in cellular respiration and in the break- 

own of sugar. As will be seen, niacin and riboflavin are intimately associated 
some of these reactions. 

Human Requirements.—The recommended allowance for children is from 
to 20 mg. per day and for adults, from 15 to 20 mg. Active muscular work, 
regnancy, and lactation increase the requirements to some extent. Large 
oses of niacin or niacin amide are not toxic. Up to 2 Gm. per kilogram of 
ody weight have been given to human beings without any toxic effects re- 
Iting. 





Pyridoxine 


Pyridoxine (vitamin B,) is another pyridine derivative which belongs to the 
eat-stable B complex. It has been called the ‘‘antiacrodynia factor,’’ acrodynia 
eaning affection of the extremities. In pyridoxine deficiency in rats there 

a swelling of the ears and dermatitis of the paws and of the nasal region, fol- 
owed by incrustation (Fig. 40). Although it has been called rat pellagra, it 
as no relation to human pellagra; in fact, no symptoms have yet been ob- 
erved in the human being as a result of pyridoxine deficiency, but this does 
ot necessarily mean that man does not require this vitamin. Other species 
hich do show symptoms when deprived of pyridoxine are the chick, the dog, 
he pig, and the rhesus monkey. These symptoms include epileptiform seizures 
n rats, dogs, and pigs and a characteristic anemia in dogs. In the monkey an 
rteriosclerosis develops, but whether this has any relation to the disease in 
uman beings is not known. (Rinehart and Greenberg.) Pyridoxine is water 
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It is sensitive to 
The foods which 
anima] 


and aleohol soluble and is slightly soluble in fat solvents. 
light, ultraviolet irradiation, and alkali. It is heat stable. 
are richest in pyridoxine are egg yolk, meat, fish, and milk among 


sourees, and whole grains, cabbage, and legumes. 





Fig. 40. 





Pyridoxine 


(vitamin Beg) 
extremities, beginning with swelling of the ears, nasal region, and paws, and followed by crus 


deficiency in a rat, characterized by dermatitis of th 


formation on these areas. 


Ohio.) 


Pyridoxine hydrochloride is a white crystalline substanee. 
those of two derivatives, which are quite important, are: 


(Courtesy Research Laboratories, S.M.A. Corporation, Chagrin Fall: 


Its formula ani 








CH,OH ZO 
| ce CH,NH, 
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Pyridoxine hydrochloride Pyridoxal Pyridoxamine 


As to the more specifie functions of pyridoxine, tl 


ley seem to be related 
the utilization of the unsaturated fatty acids 


and the amino acids. 


Pyridoxin 
ig t] . r Lea~A T ans . > 
is thought to be essential to the metabolism of unsaturated fatty 


acids and to tl 
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biological conversion of protein to fat. The change from pyridoxal to 
pyridoxamine and vice versa may be required in transamination reactions 
(Lichstein). (See page 366.) Pyridoxal phosphate is the coenzyme for the de- 
earboxylases which act upon a number of amino acids and for two enzyme sys- 
tems involved in the metabolism of sulfur-containing amino acids (see page 
386) (Gunsalus and Bellamy). It also appears that pyridoxine is essential 
for the normal metabolism of tryptophan. (Lepkovsky.) In its absence, 
large amounts of xanthurenie acid, a product of the incomplete metabolism 
of this amino acid, are excreted in the urine and for the conversion of trypto- 
phan to niacin, pyridoxine is needed. 

Although pyridoxine is undoubtedly required by man, it has been difficult 
fo provoke symptoms of pyridoxine deficiency. Lone periods of deprivation 
are required before any effects are noted. These include a fall in the hemo- 
zlobin and alteration of the white blood cell relationships, depression, and 
nental confusion. By the use of a structural antagonist, however (see Chapter 
44), skin lesions can be produced in a shorter time, These resemble the ones 
which occur in riboflavin and nicotinie acid deficiencies. 


Pantothenic Acid . 


Pantothenic acid was at first called the ‘‘filtrate factor’? and was given 
ts present name by its discoverer, R. J. Williams. It was so called because of 
ts widespread occurrence. A deficiency causes dermatitis in the chick and 
praying of the hair in black rats; this, however, is not the only ‘‘antigray 
air factor.’’ (Fig. 41.) In the rat there are seen also dermatitis and inflamma- 
ion of the nasal mucosa, ‘‘spectacled eye condition’’ (which is more charac- 
eristic of biotin deficiency). There are also hemorrhages in certain organs, es- 
ecially the adrenal cortex. 








ance: | 
* j 
q 





Fig. 41..\Pantothenic acid deficiency in a rat. These rats were litter mates, aD One 

lly black Their diet, after weaning, contained no eae seca = en pe ae ee pees 
“101 of j rj i aily ‘ter “ee weeks on lis die 1e é 

Tec 00 gammas of this vitamin daily. After three ie ir on the 
pee ei deneha of graying which gradually became more Spinco ge chinese J 
mptoms included scaly dermatitis, inflammation of the nasal vip east vitae net Ma : 
rious organs particularly in the adrenal cortex. (Courtesy Research La F s, S.M.A. 
rporation, Chagrin Falls, Ohio.) 
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There seem to be no data as yet in regard to a deficiency of pantothenic 
acid in man. It is very widely distributed and consequently even on restricted 
diets no actual deficiency seems to have occurred. However, it must be 
essential to human nutrition. Therefore, it may not be amiss to, mention 
some of its best food sources. In the first rank may be placed liver, kidney. 
eggs, lean beef, skim milk, buttermilk, molasses, peas, cabbage, cauliflower. 
broccoli, peanuts, sweet potatoes, kale and yeast. Fairly good sources are 
white potatoes, tomatoes, wheat bran, whole milk, and canned salmon. Many 
other animal and vegetable foods have moderately high content of this vitamin. 

Pantothenic acid is a yellow viscous oil, stable to moist heat and to oxidizihe 
and reducing agents. It is destroyed by dry heat and by heating in an alkaline 
or an acid medium. It is a beta-alanine derivative possessing a peptide link 
age and has the following formula: 
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Pantothenic acid 


Pantothenic acid is concerned with protein, fat, and carbohydrate metabo 
lism. Puppies on diets deficient in this factor develop fatty livers and have lov 
levels of cholesterol and total lipids in the blood. (Seudi and Hamlin.) Thi 
livers of pantothenic acid-deficient rats have a diminished ability to oxidize py, 
ruvie acid, one of the intermediates in the metabolism of carbohydrates. Lip 
mann has shown that pantothenic acid forms a part of ‘‘coenzyme A,’’ the ec 
enzyme in acetylation reactions. The structure of coenzyme A has been worke: 
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Structural Formula of Coenzyme A 
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out by a number of investigators (N ovelli). It is an atypical dinucleotide (see 
page 398), the usual mononucleotide being replaced by ‘‘phosphopantetheine. ’’ 
‘‘Pantetheine’’ is pantothenic acid, joined to 8-mereaptoethylamine through a 
peptide linkage. At the other end, pantothenic acid is joined by a pyrophos- 
phate bridge to an adenylie acid group. This adenylie acid (see page 404) 
consists, of course, of adenine, ribose, and phosphoric acid, but the phosphoric 
acid is linked on to the number 3 carbon of the ribose. 


In order to effect an acetylation, coenzyme A must be present in the form 
of acetyl-coenzyme A. This is what was known as ‘‘active acetate’’ until its 
identity was established. It can arise as follows: Coenzyme A, in the pres- 
ence of adenosine triphosphate (ATP, see page 422) and acetate, and a suitable 
enzyme, is converted into acetyl-coenzyme A. The over-all reaction, which was 
worked out in Lipmann’s laboratory, may be shown in three steps. (Jones.) 


(a) ATP + enzyme = Adenylic acid-enzyme + pyrophosphate 
(b) Adenylic acid-enzyme + Co A = Co A-enzyme + adenylic acid 
(c) Co A-enzyme + acetate =< Acetyl-Co A + enzyme 


The acetyl group may be transferred to an acetyl acceptor in the presence of 
a suitable enzyme. This may occur in two ways. The acetyl radical may be 
attached to the accepting group either at the carbonyl or at the methyl end. 
For example: 


OH OH 


| 
BH,CO-Co A + (CH,),—N—CH,CH,OH -> (CH,),—N—CH,CH,O—GO—CH, + Co A 








cetyl-Coenzyme A Choline Acetyl choline 















GH,COOH 
4 COCOOH | 
H,CO-Co A + | + H,O — HO—C—COOH +°CoA 
CH,COOH | 
CH,COOH 
cetyl-Coenzyme A Oxaloacetic acid Citrie acid 


he asterisk indicates, in each instance, the carbon attached. Other functions 
f coenzyme A will be discussed in subsequent chapters. 

Reactions of this nature have been shown to result in the synthesis of aceto- 
cetic acid from two molecules of acetic acid (Soodak and Lipmann), and of 
itric acid from the acetylation of oxaloacetic acid (Stern and Ochoa). The 
roducts of these reactions enter into carbohydrate and fat metabolism, as will 
brought out later. Furthermore, the acetylation of sulfanilamide and related 
ompounds results in the formation of a peptide linkage (page 647). Thus, 
antothenic acid may take part in protein synthesis. 

Another interesting possibility is that the physiology of skin and hair pig- 
entation is in some way dependent upon both the adrenal cortex and panto- 
henic acid. This is indicated by the fact, shown by Ralli and Graef, that 

aying of the hair (achromotrichia), which develops in rats as a result of 
antothenic acid deficiency, may be reversed by the removal of the adrenal 


lands. 
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Biotin 

Biotin is a food factor which for a long time was known to be necessary 
for the development of microorganisms. Biotin deficiency cannot be readily 
induced in animals by feeding biotin-free diets, nor is such a deficiency seen 
in man, It is produced by feeding large quantities of egg white. If rats are 
fed such a diet, they develop a characteristic group of symptoms including an 
extensive dermatitis, with ‘‘spectacled eye’’ and involvement of the nervous 
system (Fig. 42). This may be prevented by addition of yeast or other food 
rich in biotin. The explanation for these facts is that egg white contains a 
protein called ‘‘avidin,’’ which is responsible for the egg white injury. Avidin 
combines with biotin in a firm linkage to form a compound which the body 
cannot absorb, and which is therefore excreted. Thus an induced biotin de- 
ficiency, or egg white injury, results. Apparently under ordinary conditions: 
the intestinal bacteria synthesize sufficient biotin for the needs of the animal. 

Properties and Structure.—Biotin crystallizes in long needles and is: 


soluble in water and ethyl alcohol but is insoluble in ether and chlorotorm.. 
It is heat stable. The structure of this compound has been worked out by Dui 


Vigneaud and his colleagues. It is as follows: 


H.C ders CH, GH, CH,-Ga. = 600n 
ae 

Ss 

Biotin 

Biotin is said to occur in foods both free and combined. The combined 
form is easily liberated by the action of proteolytic enzymes, and therefore 
the linkage is believed to be of a peptide nature. (Bowden and Peterson.) 

Occurrence.—Biotin is widely distributed in both the animal and vegetable 
kingdoms. Excellent food sources are liver, kidney, milk, and molasses. There 
is some evidence that ‘‘biotin vitamins,’’ which do not combine with avidin, alsa 
occur. It also appears that a large part of the biotin absorbed is synthesiaaet 
by the intestinal flora. Therefore it is impossible to fix a definite requirement for 
man, and a deficiency is hardly likely to oceur. 

Function.—The role of biotin in physiology is not clear. It may be in: 
volved in fat metabolism since feeding it to rats on a low protein and lo 
vitamin B complex diet produces an increased deposition of fat and cholestero» 
in the liver. Other possibilities include an influence upon decarboxylation ana 


carbon dioxide fixation (Lardy) and upon the deamination of certain amine 
acids. (liehstein.) 









Para-Aminobenzoic Acid 


In 1941 it was found that failure of lactation occurred in rats whose die* 
contained all the known B vitamins, including thiamine, riboflavin, niacin 
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pyridoxine, pantothenic acid, and choline (Sure). It could be cured by yeast 
and other sources of the B complex. Graying of the hair of black rats also 
resulted when animals were fed on such a dict (Ansbacher). Both have now 
been related to para-aminobenzoie acid which had previously been shown to be 
necessary for growth in the rat and chick and also for bacterial multiplication. 
As mentioned before, pantothenic acid has also been described as an antigray 
hair factor, and it has been claimed that both biotin and folie acid have similar 
properties. It is quite possible that graying of the hair in man may sometimes 
be the result of a nutritional deficiency. For instance, Greeley, the Arctic ex- 
plorer, became gray after a nine-month period of undernutrition. After he had 
eaten a normal dict for a while his hair darkened perceptibly. Since the experi- 
mental field is still in confusion, it is not surprising that results are not clear cut 
m human beings, but neither para-aminobenzoie acid nor pantothenic acid (see 
Fig. 41) seems to be the responsible factor in man. 











Fig. 42.—Biotin deficiency in a rat. This animal had been on a diet containing 35 per 
nt uncooked dried egg white as the sole source of protein. Alcoholic extract of yeast ae 
lied vitamin B complex. Although not biotin-free, the uncooked egg white combines tiie be 
iotin, making this unavailable to the animal. This deficiency is characterized i Oe iar 
dness of the lips, denuded areas, and brown scaliness of the skin with extensive. ( os i - 
ater the eyes become gummed shut, the edema of the paws increases, payee: +P i le oe 
shown by progressive spasticity. In advanced cases the rat exhibits the so-ca 6 rarer ee 
losture” as seen here. (Courtesy Research Laboratories, S.M.A. Corporation, Chagrin Falls, 
hio. ) 


It has been known that para-aminobenzoic acid (PABA) blocks the bacterio- 
tatic effect of sulfanilamide in vitro. The explanation offered for this is that 
here is competition between the two substanees in some vitally important en- 
yme system. Para-aminobenzoic acid is synthesized by the bacteria and is an 
Ssential metabolite for the bacterial cell. It takes part in some enzyme reaction 
ecessarv for the life of that cell, possibly in a phenolase system. Because of its 
fructural resemblance to para-aminobenzoie acid, sulfanilamide (para-amino- 


enzenesulfonamide) takes its place in the enzyme system but does not permit 
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the vital reaction to proceed normally. Other sulfa drugs have similar action, 
although they differ quantitatively. It is interesting to note that the bacterio- 
statie potency of each sulfa drug is directly proportional to its ability to counter. 
act the antibacteriostatie action of p-aminobenzoie acid. 


COOH te and 
| 
ae 
H of’ C—H ail ae 
ud bon H—C C—H 
\ oS Pa 
{ | 
| 
NH, NH, 
p-Aminobenzoiec acid Sulfanilamide 


It is interesting to note that PABA forms part of the folie acid molecule 
(see page 301). This may be the point of attack by the sulfa drugs. Some 
investigators have questioned whether PABA of itself has catalytic actions 
and hence have not accepted it as a true vitamin. In view of this antagonism 
between the vitamin and the sulfonamide drugs, the continuous ingestion of 
extremely large doses of PABA is to be avoided. In itself it is relatively non- 
toxic, but the presence of a high PABA level in blood and tissues might render 
sulfonamide therapy of little value. 


Properties and Occurrence.—Para-aminobenzoic acid is a erystalline 
white compound, slightly soluble in cold water, but quite soluble in hot water 
and in alcohol. It is widely distributed in nature but is more concentratec 
in yeast, rice bran, and whole wheat. 


Pteroylglutamic Acid (‘‘Folic Acid’’) 


The discovery of the folic acid group of vitamins is the result of many 
different investigations. The research proceeded along two chief lines, how" 
ever. Certain substances were found to be essential to the growth of micro? 
organisms, particularly Lactobacillus casei and Streptococcus lactis R. Othe» 
investigations dealt with factors found to be necessary in the nutrition of chicks: 
guinea pigs, monkeys, and other species of higher animals. Since these sub: 
stances were not the same as the known vitamins they were given new names a 
their functions became apparent. It was not until 1941 that it was evident thaw 
the chick vitamin and the bacterial growth factor were probably a single sub! 
stance. (Hutchings.) 

The vitamin to which all of these vitamins is related is pteroylelutamie aei 
(PGA). This is the Lactobacillus casei factor, isolated from liver, first shown t’ 
be a factor necessary for the growth of that organism. A number of other com 
pounds, isolated from other sources, and having similar or even different bic 
logical properties, have been found to be closely resembling substances. In othe: 
words, liver Lactobacillus casei factor, fermentation Lactobacillus casei facto 
folic acid, vitamin B, (Hogan), vitamin M (Day), factors R, S, and U, and yeas 
norite eluate factor are all vitamins of the same group. All are related to 









- 
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compound now called pteroylglutamie acid. The structure and synthesis of this 
compound was worked out by the groups at the Lederle and the American Cyana- 
mid Laboratories. (Angier.) It is composed of three main parts: (1) a two- 
ringed nitrogenous compound ealled a ““pteridine,’’ a yellow pigment first 


isolated from butterflies’ wings, (2) p-aminobenzoic acid, and (3) glutamic 
acid. It has the following structure: 


N N 
TN Nee 


e 0 H H 
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Folie Acid 


(Pteroylglutamie Acid) 


The related vitamins differ in two respects. The first difference is in the 
number of glutamic acid groups present, the additional glutamie acid mole- 
cules being conjugated in peptide linkages. The commonly occurring ones are 
the monoglutamate (PGA), the triglutamate (fermentation factor), and the 
heptaglutamate. The conjugates, i.e., those compounds having more than one 
glutamic acid in the molecule, are ineffective for some species which do not 
possess the ‘‘conjugase’’ necessary to release the free vitamin. Normally a 
conjugase is present in human blood. 

The second difference is in the structure of one of the rings, which oecurs 
when PGA is converted to folinie acid, the ‘‘citrovorum factor’’? (CF). This is 
so called because it supports the growth of Leuconostoc citrovorum, which the 
other members of this group are unable to do. More important, however, is 
the fact that PGA can be converted to the citrovorum factor, which is per- 
haps a thousand times more active biologically. Vitamin B,, (and also as- 
eorbic acid) is involved in this conversion of PGA to CE either directly or 
indirectly. The citrovorum factor, folinie acid, or, to a much less degree, 
PGA is concerned in the production of an agent which stimulates the forma- 
tion of normal red blood cells. If the p-aminobenzoie acid-glutamie acid por- 
tion of PGA is represented by R, the formula for the citrovorum factor, folinie 
acid, is: 
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Folinie acid 


Pteroylglutamic acid is a yellow substance, only slightly soluble in water ; 
its sodium salt is quite soluble in water, but both are insoluble in lipid solvents. 
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It is stable to heat in neutral or alkaline solution but is not stable if heated in 
acid media. It is inactivated by sunlight. A considerable loss occurs in foods 


stored at room temperature. 

Occurrence.—It is widely distributed in nature, particularly in the foliage 
of plants; hence the name ‘‘folic’’ acid. Other good sources are yeast, eauli- 
flower, liver, and kidney. Fair sources are beef, veal, and wheat, while root 
vegetables, tomatoes, bananas, rice, corn, sweet potatoes, pork, ham, and lamb 
contain little. 

Effects of Deficiency.—In chicks, a lack of this factor causes anemia 
as well as decreased resistance to malarial infection and impairment of the re- 
sponse to estrogens. (Hogan and Parrott.) Rats show achromotrichia (gray- 
ing of the hair) and staining of the fur and whiskers with porphyrin, while 
monkeys respond with a macrocytic anemia, leucopenia, diarrhea, edema, and 
lesions of the mouth. Curative effects of pteroylglutamie acid have been shown 
in anemia, leucopenia, and granulocytopenia, the two last-named conditions 
being characterized by a diminution in the number of leucocytes and granulo- 
eytes, respectively. These effects upon the blood led to the study of the effect 
of this vitamin upon various types of anemias in man. 

Clinical Uses.—Pteroylglutamie acid seems to be quite useful in certain 
macrocytic anemias; that is, anemias which are characterized by the presence: 
of giant red corpuscles in the blood. Among these are sprue, the macrocytic. 
anemias of pregnancy, infaney, and pellagra, and those following gastric resec-: 
tion and other intestinal dysfunctions. In these it has been found to be an. 
effective hematopoietic factor. (Spies.) In sprue not only does it produce satis-. 
factory effects upon the blood picture but also relieves the gastrointestinal symp-- 
toms. It has been suggested that this group of vitamins is effective in maintain-- 
ing normal gastrointestinal absorption. (Darby.) 

Pteroylglutamie acid also has a favorable effect upon hematopoiesis in 
pernicious anemia. In fact, it has qualitatively the same effect on blood for-- 
mation as vitamin By. However, far less vitamin B,. is needed than PGA.. 
and the latter is unable to check the degenerative changes in the nervous sys- 
tem which take place in pernicious anemia. Folie acid probably has some rela- 
tion to tyrosine metabolism, possibly in conjunction with ascorbie acid. 

. Requirements.—The requirements of the human being for pteroylglutamic: 
acid are not known at present. The dosages used in macrocytic anemias range? 
from 10-30 mg. intravenously to 200 mg. by mouth, per day. The lethal doses 
for animals ranges from 125 to 600 mg. per kilogram. This is many times the 
therapeutic dose, and indicates the relatively low toxicity of this vitamin. 


Vitamin B,. 
Vitamin B,., called the antipernicious anemia vitamin, was isolated, puri- 
fied, and extensively studied in 1949. It is the factor of liver extracts 


responsible for the curative effects of these extracts upon pernicious anemia. 
and it is now believed to be identical with, or very similar to, the ‘“‘extrinsiw 
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factor” of Castle. It is thought by some to be the “animal protein faetor,’’ 
which is also present in liver, muscle, milk products, cow manure, and male 
animal products. Known by several names, Factor X, mao pieen ete., this 
substance is needed to supplement yeast as a source of B vitamins for ae shaun 
of rats and is essential for many biological activities, including growth and 
lactation. Folkers and associates suggest it is a polyacidie base, in which the 
eobalt atoms are associated with cyanide groups in a coordination complex. 
They give it an empirie formula something like Ne eclledon NiO COserle 
though it contains nitrogen, it does not yield amino acids on hydrolysis. There 
also appears to be no pterin-type structure present. Hence it is not a folie 
acid derivative. One of the interesting degradation products is 5,6-dimethyl- 
benzimidazole, the formula of which is given below, as well as the partial 
provisional formula for the vitamin. 


N N 
aN SS on, 7) / Nn 
OS Ge CHS, 
NH N—(Co3-5¢Hiz-23N 20,;P-Co 


5,6-Dimethylbenzimidazole : Vitamin B, 


A comparison of the former with the structural formula for riboflavin (page 
290) will reveal a marked resemblance. There are several vitamins By. (Bye, 
Byo., Bizy, Bize, ANd Bisa). Vitamin Bie, is identical with B,.». Vitamin B,, con- 
tains a CN group and is ealled ‘‘eyanocobalamin.’’ This group is not present 
in Bysa, Which is known as ‘‘hydroxocobalamin.’’ Both are therapeutically 
etive when introduced parenterally into persons who have pernicious anemia, 
utritional macrocytie anemia, and tropical sprue. 

Occurrence.—The chief source of vitamin B,. is liver, although it is also 
resent in milk, meat, eggs, fish, oysters, and clams. It has been found in the 
iquor resulting from the production of streptomycin, and there is some evi- 
ence that under certain dietary conditions this vitamin may be synthesized by 
testinal organisms. In general, it is not present in vegetable foods. 

Properties.—Both British and American investigators have been active 
n the isolation and characterization of vitamin B,.. It is a red crystalline com- 
ound containing nitrogen, phosphorus, and cobalt but no sulfur. Caleulated 
n the basis of one atom of cobalt per molecule, it has a molecular weight of 
pproximately 1,300. It is soluble in water, aleohol, and acetone but not in 
hloroform. It is levorotatory and is inactivated by both acids and alkalis. 
t has been crystallized (see Fig. 34, LZ). 

Clinical Uses.— Vitamin B,. is perhaps the most potent therapeutie agent 
nown. Only 1 pg per day is required for satisfactory hematopoiesis in 
ernicious anemia (Jones). It is a powerful medicament in the parenteral 
reatment of megaloblastic anemias associated with a deficiency of the in- 
It now appears that the intrinsic factor, present in normal 



















rinsic factor. 
astric juice, is necessary for the absorption of By, the extrinsic factor, from 
ra b 


he gastrointestinal tract. (Berk.) Consequently, when administered by mouth, 


2 is of little or no value unless normal gastric juice is given at the same time, 
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Vitamin B,. not only has a curative effect upon the anemia of pernicious 
anemia but also on the nervous manifestations. It may also favorably influence 
the course of the anemias of sprue, pellagra, and infancy, but in these conditions 
pteryolglutamie acid may also be needed. 

Effect Upon Growth.—If crude vitamin B,, (animal protein factor) is 
added as a supplement to the food of young animals, a pronounced improye- 
ment in the rate of growth is observed. Since the two main constituents of 
the supplement are vitamin B,. and streptomycin (see page 672), there has 
been some controversy over which one was the causative agent. Other anti- 
bioties have also been used, often with striking results. (They have stimu- 
lating effects even upon plants.) Consequently the effects upon animals haye 
been aseribed to (1) an improvement of appetite by the vitamin, (2) diminu- 
tion of the multiplication of intestinal microorganisms by the antibioties, and 
(3) specific inhibitory effects of the antibiotics upon oxidative phosphorylation. 
(Jukes; Black and Bratzler; Nickell; van Meter.) Whatever the mechanism, 
the influence of such supplements upon the growth of fowl and domestie ani- 
mals may be quite important from an economie standpoint. 


Mechanism of Action of Folic Acid and Vitamin B,,.—The mechanism of 
the action of vitamin B,., folic acid, and their related substances in all of these 
complex relationships is not very clear. Apparently B,. is necessary for the 
conversion of folie acid to folinie acid, a much more powerful substance. The 
various members of the group are concerned with the production of methyl 
groups, with transmethylation, or with the transfer of one-carbon groups as 
in the formation of serine from glycine. (Stekol; Oginsky.) 


OTHER ESSENTIAL NUTRITIONAL FACTORS 


Choline and inositol do not conform to the criteria demanded by Ans¢ 
bacher’s definition (see page 285). They are, however, nutritionally important 
substances. These and one other factor, a-lipoie acid, will be considered here: 


Choline 


Choline is not a true vitamin because other naturally oceurring substance: 
can substitute for it and because it has not been shown to act catalyticall 
However, its importance in nutrition is unquestioned. It will be rememberee 


that choline is a constituent of the lecithins and has the formula trimethyl! 
hydroxyethyl-ammonium hydroxide: 


CH, CH,CH,OH 
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Choline 


Effect of Deficiency.—Choline deficiency was discovered in the course 
work on diabetic animals. In depancreatized dogs not only does diabetes 
cur, but also a fatty infiltration of the Tiver. The former condition may b 
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controlled by insulin but not the latter. I’eeding raw pancreas, however, does 
eure the fatty liver, and the effective agent, or at least one of them, was found 
to be the choline part of the lecithin present in the pancreatic tissue. This so- 
ealled Upotropic action of choline has been demonstrated in a number of other 
experimentally produced fatty livers as well as in atherosclerosis. The latter 
is a type of arteriosclerosis in which lipid deposits occur in the arterial wall. 
Tt may be induced in rabbits by high cholestero] feeding. Administration of 
choline to such rabbits had a favorable effect upon the arterial condition. Ap- 
plication of this type of therapy to human beings was attempted with en- 
couraging results. There was a significant reduction of mortality in coronary 
atherosclerosis when patients were fed large amounts of choline daily for a 
year or more. (Morrison and Gonzales.) Choline has been demonstrated 
to have a number of other physiological functions. On a low choline diet, 
puppies develop a severe anorexia (lack of appetite) and fail to erow; 
hens do not lay eggs; and ratsedo not have normal lactation. Together with 
manganese and folie acid, choline prevents perosis or ‘‘slipped tendon dis- 
ease’’ in chicks and young turkeys, and it prevents the occurrence of cir- 
rhosis of the liver in rats. A low choline diet also produces hemorrhages of 
the kidneys and eyes in addition to fatty livers in young rats, and if the diet is 
low in methionine as well, the hemorrhagic condition appears in other organs 
also. 

This relationship of methionine to choline should be noted carefully. Both 
contain methyl groups and, with betaine, they are sources of these groups in 
metabolism. If methionine is added to a low choline dict, it decreases liver 
fat, probably because it has a methyl group to offer to the system which is lacking 
such groups. A shifting of the methyl groups is in some way required in fat 
metabolism and in other types of metabolism. This is called ‘‘transmethylation’’ 
and methyl groups are shifted, depending on the need for them and the dietary 
supply of them. Therefore methionine or betaine may replace choline. Some 
of these reactions will be considered further in later chapters. 

Best and Hartroft have reported a curious effect of choline deficiency. 
If very young rats are kept on a choline-deficient diet for six days and are 
then given a normal diet, they eventually develop high blood pressure. This 
may indicate that some of the systemic diseases of adult life are due to un- 
balanced diets for relatively short periods during childhood. 

As yet, no applications of choline to human nutrition have been definitely 
accepted. The compound is widely distributed and no deficiency need ordinarily 
be expected. The most important sources in our diet are cereals, bread, meat, 
and egg yolk. 

Inositol 

Inositol is hexahydroxy cyclohexane. The biologically active inositol— 
there are nine stereoisomers—is the optically inactive mesoinositol (see page 
145 for formula). It is one of the muscle extractives and is also found in brain, 
red blood cells, and the tissues of the eye. It occurs widely in the plant kingdom 
in fruits, vegetables, whole grains, and nuts. Milk and yeast contain consider- 


able amounts. 
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Inositol was included in the discussion of muscle extractives (page 138), 
It was stated that it is possibly an intermediate between aromatic substances 
and carbohydrates. It is found in nature in at least four forms; namely, free 
inositol, phytin, phosphatidyl inositol, and a water-soluble, nondialyzable com- 
plex. Phytin is the caletum and magnesium salt of inositol hexaphosphate 
and was formerly thought to be exclusively of vegetable origin. Now it is known 
to be a constituent of the nucleated erythrocytes of several species of animals, 
(Rapoport and Guest.) The inositol-containing phosphatide has been called 
‘“lipositol.’’ It has been isolated in pure form from soybeans and is known to be 
present in brain and spinal cord. ( Williams.) 

There have been a number of different types of effects produced upon 
animals when fed a diet deficient in this factor. Among them is the observa- 
tion of Woolley that inositol deficiency results in a peculiar hairlessness in 
mice. Gavin and associates have shown that inositol has a curative action upon 
the fatty livers produced in rats by the administration of biotin. Its significance 
in human nutrition is still unsettled, although it has been shown to be ‘‘lipo- 
tropic’’? for man as well as for other animals, and as a result inositol is an- 
other vitamin which is being tested therapeutically in atherosclerosis. 


a-Lipoic Acid 
a-Lipoie acid is a relatively new factor (Reed). Its formula is: 
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CH,—CH,—CH (CH.),COOH 
a-Lipoic Acid 
(6,8-Dithio-n-octanoie Acid) 
It appears to be necessary for oxidative decarboxylation of pyruvie acid and 
a-ketoglutaric acid by certain microorganisms and is probably a coenzyme or 
part of a coenzyme for this reaction. It is found in many biological materials, | 
including yeast and liver, and is also called the pyruvate oxidation factor | 
(POF). a@-Lipoie acid has not been shown to be a dietary requirement for 
mammals and is not yet classed as a vitamin. (See also page 428.) 


BIOSYNTHESIS OF VITAMINS 


The vitamins are synthesized to a greater or less extent in the body. This: 
may occur as a result of bacterial growth in the intestinal canal or by met- 
abolie transformations within the body’s cells. For example, bacteria produee: 
large amounts of vitamin K, while an instance of metabolic synthesis is seen 
in the tryptophan-niacin transformation (see page 291). The continued use: 
of antibiotics per os has been found to result in vitamin deficiency signs in 
many cases. This was due to the destruction of vitamin-elaboratine organisnist 
in the gastrointestinal tract ae 








SUBACUTE AND MULTIPLE AVITAMINOSES 


The ‘defisieney diseases due to a marked lack of a single vitamin may be 
termed “‘severe acute’’ conditions. Such are beriberi, scurvy, and xerophthal-- 
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mia. Kruse clinically characterizes the avitaminoses as follows: mild acute, 
o, . tac mild chronic, or severe chronic. That is to say, the degree 
: ype oF the avitaminosis will depend upon the amount of vitamin lacking 
in the diet and the length of time it has been lacking. Fluctuations in the amount 
ingested (or absorbed) may account for a mild or severe acute type being 
superimposed on a mild or severe chronic type. These different types may 
respond differently to treatment. As a rule the acute types respond more 
quickly than do the chronic. In chronic conditions the pathological changes 
have been occurring for a long time and the lesions have been more permanently 
established. 

The chronic avitaminoses are, of course, a result of the unsatisfactory nutri- 
tive condition continuing over a long period of time. Therefore, although they 
may appear in young people, they are more likely to occur in the aged. The 
longer people live on a deficient diet, the greater the chance of having these 
chronic symptoms develop. It is well known that the aged are more likely 
to have many of the ill-defined (as well as the well-defined) symptoms of mal- 
nutrition. 

Since there is scarcely any food which contains only one vitamin, it is 
probable that most cases of avitaminosis have a lack of more than one vitamin. 
Even those that have the classical symptoms of a true deficiency disease usually 
also exhibit symptoms of other deficiencies. Pellagra is perhaps the best 
example because it has been shown that most pellagrins suffer from lack of 
most of the B vitamins while having a particular deficiency of niacin. The 
reason is that the unbalanced diet is deficient in several vitamins, and often in 
ther nutrients as well. Excessive use of alcohol, dietary vagaries, or the 
resence of a severe fever may result in the limitation of either quantity or 
ariety of food, or both. If a person has gastric achlorhydria, there appears to 
e an interference with the absorption of all the water-soluble vitamins. When 
iliary obstruction occurs, there may be inadequate absorption of all the fat- 
oluble vitamins. Thus we see how multiple avitaminoses may occur and are 
robably more common than single avitaminoses. Moreover, since the vitamins 
pparently all function as parts of enzyme systems and since these account for 
ll metabolic activities, it is evident that the greater the total metabolism, the 
reater will be the requirement for vitamins; or, stated differently, the more 
ne eats, the more vitamins one needs. 

Besides noting the physical signs and symptoms which the patient shows, 
he physician may get additional information by utilizing the various methods 
hich have been devised for appraising the nutritional status of the patient. 
hese comprise biochemical, microbiological, biophysical, physical, and biomicro- 
pic methods. Some of the methods have been described under the vitamins 
oncerned. They enable one to determine the vitamin level in the blood or tissues, 
r its excretion in the urine, or to ascertain the response to a test dose of the 
itamin. Biochemical and microbiological tests are used for actual quantitative 
easurements of the vitamins. Biophysical methods include measurements of 
apillary resistance to pressure for vitamin C or ‘‘vitamin P’’ appraisal and the 
etection of difficulty in dark adaptation (vitamin A). The detection of rachitic 
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lesions and more especially the healing of such lesions by the x-ray is a physical 
procedure. The biomicroscope has been used with great success to detect, in the 
conjunctiva, the ocular limbus, the tongue and gums, the diverse stages of 
deficiencies of A, riboflavin, niacin, and ascorbic acid. It is claimed that in each 
ease there is a specific tissue in which the pathologic process appears early 
and deviates in accordance with the progress of the avitaminosis. (Goldsmith.) 


VITAMINS IN DAILY LIFE 


The high-pressure advertising of unethical manufacturers and distributors 
of vitamins has led to the indiscriminate use of vitamins by the lay public. Does 
vitamin deficiency account for lassitude, headaches, colds, and a multitude of 
other ills? Is there a lack of vitamins generally in our population? 


Nutrition experts agree that under ordinary conditions the average normal 
adult can obtain his necessary quota of vitamins on the usual varied diet. This 
has become more certain since the advent of the enrichment of bread with 
vitamins (see page 324). Babies and young children should receive additiona 
vitamins C and D, as discussed previously. It will be noted that the phrase: 
‘‘under ordinary conditions,’’ is used. If under conditions of war, financia; 
stress, or famine, or for any other reason, shortage of certain foods may oceur, 4 
vitamin deficit might easily result. Then the addition of vitamin concentrate: 
might well be indicated. Individuals who are ill or who show some definite need 
for a particular vitamin of course must be considered in a separate class: 
Physicians should be particularly careful in prescribing special dietaries fo: 
patients having peptic ulcer, nephritis, ete., since these may very well be deficien- 
in some nutrient factor, especially a vitamin. It is also to be remembered tha: 
the water-soluble vitamins are not stored to any great extent and are excrete« 
by the kidney. Therefore they are likely to be washed away when large quantii 
ties of fluid are administered by any route and should be replenished. 


VITAMINS AS DRUGS » 


The vitamins, by their very definition, exert their action when present i 
the body in minute amounts. They must therefore be quite potent substances: 
They have been used in large amounts clinically in two ways: first, to rap 
idly make good a deficiency and second, to effect some therapeutic action. Mant 
physiologically active compounds have two types of action; one, when given in 
small doses and another, often quite different, when given in large doses. II 
is possible that some of the vitamins likewise will have different effects in lar 
doses. They have been tested in an enormous number of pathological condition: 
sometimes singly and sometimes with other vitamins or other foods or drugs: 
Many of these experiments are bizarre and are tinged with the overenthusiastt 
of the experimenter, but some have been performed carefully and honestly. I 
time, no doubt, it will be found that some of the vitamins will have definite role 
as drugs in addition to being food accessories. 


Toxicity of the Vitamins.—There is little danger 
from the usual amounts of vit 








of toxic manifestatior 
amuins either in the diet or in the ordinary vitamii 
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concentrates. For example, the minimal lethal dose of niacin is about 6 Gm. per 
kilogram of body weight. For a person weighing 60 kilograms, this would 
amount to 360 Gm., that is, over 12 ounces, obviously an amount which no person 
would be at all likely to ingest. The ratio of the amount required daily for 
optimal nutrition to the toxie or lethal dose is about as follows: vitamin D, 
1:2,000; niacin, 1:5,000; vitamin A, 1:7,500; thiamine, 1:25,000; pyridoxine, 
1:60,000; and vitamin B,2, 1:100,000. In view of the fact that enormous doses 
of some vitamins have been recommended and used clinically, it should be noted 
that there is a danger zone, even though it is far above the usual level of intake. 
There seems to be no information regarding the possible toxicity of riboflavin, 
pantothenic acid, p-aminobenzoie acid, or ascorbic acid. The feeding of 1,000 
mg. of ascorbic acid per day to human beings for as long as three months with- 
out harmful effects has been reported. However, there have been some in- 
stances of toxic and even fatal manifestations following repeated parenteral 
large doses of thiamine. 


CONDITIONED VITAMIN DEFICIENCIES 


The term ‘‘conditioned vitamin deficiency’’ is used to indicate those dis- 
orders which arise, not because of lack of vitamins in the diet, but because of 
interference with ingestion, absorption, or utilization. Some of these have 
been mentioned previously in various connections. They may be summarized 
under the following headings: 

Decreased Intake.—Persistent vomiting from whatever cause may lead 
to a diminished intake. Any mouth deformities such as cleft palate or loss of 
eeth may have a similar effect. In chronic alcoholism there is also a diminished 
ingestion of all food, including vitamins. In eases of long-standing organic 

isease, either the appetite may be poor or tlie individuals may be unable to 
tilize their food properly. 

Impaired Utilization—Examples of impaired utilization of vitamins are 
ulfonamide therapy and malignancy. 

Decreased Absorption.—Under this heading comes the loss of vitamins 
ecause they are (1) rushed through the enteric tract by diarrheas, or (2) 
issolved in undigested ‘‘grease,’’ as in celiac disease or after the administra- 
ion of mineral oil. Defective absorption because of any damage to the epithe- 
ium or diminution in the area of absorptive surfaces as a result of operations 
Iso should be noted. 

Increased Elimination.—Diuresis as a result of saline infusions or from 
ther causes leads to an excessive and rapid loss of the water-soluble vitamins. 
xcessive perspiration and diarrhea have similar effects, and lactation, a physi- 
logical activity, may deplete the mother while benefiting the baby. 

Increased Requirements.—PBesides those increased requirements due to 
hysiological needs, such as growth in children, pregnancy, and lactation, there 
re some other factors which may be mentioned. Greater utilization of earbo- 
ydrate demands greater amounts of thiamine and the other B vitamins. Thus, 
he infusion of glucose may lead to symptoms of B complex deficiency, as may 
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also sudden increase in carbohydrate with insulin administration in diabetie 
diets. When glucose infusions are given, concentrates of B complex vitamins 
should be administered concurrently. Fever increases the rate of metabolism 
and hence the vitamin requirement. 

Faulty Bacterial Synthesis.—It is now known that vitamin K, several 
members of the B vitamins, and perhaps others are synthesized by intestinal 
microorganisms and may thus add a significant contribution to the vitamin in- 
take. If the flora is not suitable, or if intestinal antisepsis is practiced (as is 
often the case in the oral administration of some antibiotics or sulfa drugs), 
a vitamin deficiency is likely to occur. (Elvehjem.) 

Bacterial Destruction. There is considerable evidence that a large num- 
ber of intestinal bacteria can decompose ascorbic acid. Decomposition is rapid 
and complete but is inhibited by the presence of any sugar which the organism 
ean ferment. Niacin, and possibly thiamine and folie acid, is also suscep- 
tible to destruction by intestinal flora. | 

Inhibitors—The sulfonamides are direct inhibitors of p-aminobenzoie 
acid. Other ‘‘structural analogues’’ have been produced and are discussed in 
Chapter 24. 

Imbalance.—There is some evidence that the amounts of the various vitamins 
in the diet should bear some relationship to each other. J*or instance, vitamin 
EK has a sparing action on vitamin A, and instances of interdependence of the 
members of the B complex have also been observed. 
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Chapter 138 
FOODS 


Food is needed to provide the fuel for our energy requirements, to build 
and rebuild tissues, and to furnish the vitamins and inorganie compounds 
which are indispensable to good health. Thus we eat to live, but the com- 
plementary ‘‘we live to eat’’ is not to be lightly regarded simply because it 
implies enjoyment of food. Such pleasure, we know, leads to better digestion. 
As a rule it also leads to a wider choice of foods, tending to provide a diversity 
of all the important food factors. The gourmet never dies of a deficiency: 
disease. 

THE ENERGY FACTOR 


The energy or caloric value of foods is measured in large calories. A large: 
calorie (Cal.) is equal to 1,000 small calories and is therefore the amount of' 
heat required to raise the temperature of 1,000 grams of water from 15° to: 
16° C. In this discussion only the large calorie will be used. The common 


foodstuffs yield, when burned in the body, approximately the following calorie: 
values: 


CAL./GM. 
Proteins 4 
Carbohydrates 4 
Fats 9 


These are round (and corrected) numbers. Individual members of each class: 
have slightly different values, but these figures are usually accepted as average: 
and reasonably accurate. 

In Chapter 21 the energy requirements of man will be discussed in greater: 
detail. At this time it may be stated in a general way that normal men require: 
from 2,500 to 3,000 Cal. per day at light to moderate activity and from 3,000) 
to 5,000 Cal. per day when doing hard work. Women require a somewhati 
smaller calorie intake than men, from 2,100 to 3,000 Cal., but during lactation: 


the requirement is nearer 3,000 Cal. Children and adolescents need about the 
following amounts: 


CAL. 
1-3 1,200 
4-6 1,600 
7-9 2,000 
10-12 2,500 
13-15 (Girls) 2,800 
13-15 (Boys) 3,200 
16-2 (Girls) 2,400 
16-20 


(Boys) 3,800 


ly cw an ~~ ‘ ra os = | “ > 

rhe energy factor plays a role in growth as well as in the more apparent 

energy relationships discussed in Chapter 21. Handler and co-workers havé 
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shown that when animals are fed a diet in which the proteins, vitamins, and 
minerals are adequate, but the calories severely restricted, both skeletal and 
generalized body growth may be inhibited even to the point of complete ces- 
sation. Obviously, cell division, ossification, and other growth processes in- 
volve energy transformations. 

Calculating the Energy Value of a Food.—Iew naturally oceurring foods 
are pure protein, carbohydrate, or fat. Most of them are mixtures, and, in addi- 
tion, contain varying amounts of water. Their energy value is calculated on the 
basis of the actual percentages of protein, carbohydrate, and fat present mul- 
tiplied by the caloric values given. For example: White bread contains 36 
per cent water, 9 per cent protein, 2 per cent fat, 52 per cent total carbohydrates. 
A slice of this bread weighs about 25 grams and therefore contains 


25 x 9 per cent 25x2percent 25x52 per cent 


or or or 
2.3Gm. protein 0.5 Gm. fat 13 Gm. carbohydrate 
x 4 x9 x4 











Its calorie 
value would be 9.2 Cal. “ 4.5 Cal. ve 52 Gal. — 65.7 Cal. 


The approximate energy value of any food may be estimated by this type of 
ealculation, if the composition of the food is known. The analyses of many 
foods are available (see Table LIT) and can be found in various government 
publications as well as biochemical and nutritional textbooks. It must be 
noted, however, that all foods vary considerably from time to time. Meats 
ill differ markedly in their fat content—even meats of the same grade 
nd cut. A given vegetable—peas, for instance—will show differences in com- 
osition (both organic and inorganic), depending on variety, moisture avail- 
bility, amount and type of fertilizer, and other variables in cultivation. 
repared foods will show the widest divergence, of course, because of the 
variety of ingredients and methods of cooking. . It is evident, therefore, that 
uch data must be used with intelligence, and calculation to even the first 
lace of decimals is sheer nonsense. In Chatfield and Adam’s table the energy 
alues are given per ‘‘100 grams”’ and per ‘‘pound.’’ In Hawley and Carden’s 
ables, from which Table L is taken, all of the constituents, except the vitamins, 
re expressed as grams per 100 grams of edible material. The vitamins are 
ndicated in various ways, depending upon the individual factors. Other 
ables are arranged to give the number of grams in average portions, the size 
f each portion being stated. Still others state the number of grams of each 


ood in a 100 Cal. portion. 





THE PROTEIN FACTOR 


The question as to what is the optimum amount of protein has been dis- 
ussed for many years. Indeed at one time it was one of the most important 
opies in physiological chemistry. The reasons for this are very evident. Pro- 
ein is the most important foodstuff. The calorie needs of the body ean be 
upplied by protein, carbohydrate, and fat, but the protein of our tissues can 
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only come from the protein of food. Protein is required by every cell and is 
the basis of protoplasm. Moreover, it is the most expensive of the foodstuffs, 
It was therefore felt to be of economic, as well as of physiological, interest to 
determine the minimum protein requirement. In the latter part of the nine- 
teenth century Voit studied the protein intake of many adults in Germany 
and found that their average consumption was 118 Gm. This was set up 
as the standard, even the optimum protein intake, although the only evidence 
for such an assumption was that it was the amount usually eaten. Chittenden 
in 1904 came to quite a different conclusion. As a result of nutritional inves- 
tigations upon students, instructors, soldiers, and others, he found that the 
protein requirement was much less than Voit’s standard. The general method 
used in these studies was to determine the nitrogen balance; that is, a com- 
parison between the nitrogen intake as protein and the nitrogen output in the 
urine and feces. If these are equal the subject is in nitrogen equilibrium. 
If the output is greater than the intake, there is a negative balance, which 
means that the individual is not getting enough protein in his food to take 
eare of his physiological requirements. Chittenden’s subjects could be kept: 
in nitrogen equilibrium on from 45 to 53 Gm. of protein daily. The subjects: 
on low protein diets were able to do just as much physical and mental work: 
as before. In fact, it was reported that their general health and athletic: 
prowess were usually improved. Chittenden came to the conclusion that Voit’s: 
standard of 118 Gm. per day was far above the actual needs of men and 
that the excess intake might actually lead to various pathological states; e.g.,. 
indigestion, intestinal toxemia, liver trouble, gout, and rheumatism. Many in-- 
vestigations have shown that the minimum protein requirement compatible: 
with nitrogen equilibrium is much lower even than the figures set by Chitten- 
den. In order to attain nitrogen equilibrium with a low protein intake, large: 
quantities of carbohydrate and fat must be eaten to provide enough energy? 
for the individual’s needs. If this is not done, body protein will be consumed: 
for this energy requirement, and more nitrogen will be eliminated than is 
taken in. Consequently, carbohydrates and fats are known as “protein sparers.’” 
The question has been raised as to whether a person could continue on a very 
low protein diet for any considerable length of time, even if he was 
in nitrogen equilibrium. All experiments have necessarily been restricted: 
to a few weeks or, at best, a few months. But could a person live fon 
years, and live comfortably, on a minimum or near-minimum protein ra- 
tion? Nutritionists today doubt if that could be accomplished. With the 
modern conception of ‘‘essential amino acids,’’ it becomes apparent that @ 
person on a highly restricted diet might easily experience a lack of one or mor 
of these vital building stones. If the protein or amino acid content of the diet 
could be so planned as to have all the essential amino acids in requisite amounts 
at about the same time, such a lack would not oceur, and a minimal protein diet 
might be the ideal one. However, that is not possible at present, even if it wer 
demonstrated to be entirely desirable: It would be practically impossible to 
Select foods having exactly the same amino acid composition as human proteins 
so that food protein could be converted into body protein weight for weightt 
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Jonsequently an amount of protein greater than the Chittenden figure, and yet 
ower than the Voit figure, is today considered the optimum one for good nutri- 
ive condition. Sherman and co-workers point out that the protein requirement 
f man is quite different from the protein allowance or standard. Total ealories 
ed must not exceed total calories required by very much or for very long. 
uch excess is usually converted into fat. Ilowever, excess protein over the 
equired minimum is not stored to any great extent, and is not converted into 
at, unless the total caloric value of the food is excessive. Therefore, a mod- 
rate excess of protein over and above the required amount is not only harm- 
ess but is a common dietary habit which constitutes a desirable “factor of 
afety.” It provides an excess of indispensable and semidispensable amino 
cids (page 406) which circulate in the blood or are temporarily stored in the 
issues, ready and available for any cell in need of them. 

The studies of various investigators have shown that an intake of about 

Gm. of protein per kilogram of body weight is adequate for all ordinary 
eeds in the normal adult. In childhood this allowance must be increased 
onsiderably to permit of growth of new tissue. The same applies in preg- 
ancy and lactation. In elderly people a lower requirement is noted along with 
lower caloric need. Contrary to popular opinion, the protein requirement 
joes not run parallel to the amount of work done. The total calories of the 
jet, of course, do, but the body protein is not used up appreciably faster by 
ard work than by little muscular activity. 

The quality of the protein eaten is an important factor in nutrition. In 
eneral the proteins of eggs, milk, kidneys, and liver are the best biologically. 
ges are in first place. They contain the highest percentages of the essential 
ino acids. Meats, poultry, and fish, as well as shell fish, come next; in the 
me class are yeast and soybeans. Cereal, nut, and legume proteins are gen- 
ally poor. Moreover, meat proteins have a high “coefficient of digestibility,” 
hich means that the amino acids are readily split off by the enzymes and are 
ailable for absorption. From this standpoint kidney is superior to other 
eats, liver next, and muscle meats third. Vegetables are less easily digested, 
rhaps only 80 per cent as well. Asa rule, however, one does not eat one food 
clusively for a long period of time. When this does occur one may expect 
happy consequences. Thus a diet consisting largely of corn is quite likely 
cause pellagra, because the corn proteins are deficient in tryptophan, as well 
lysine (see Table XXVI). The corn proteins plus milk, meat, eggs, or soy- 
ans would constitute an admirable set of proteins from a biological] stand- 
int. It is most fortunate that milk proteins are entirely adequate for growth, 
nee milk is the sole diet of infants for a long time. 

For human nutrition most of the varied dietaries of modern civilization 
ovide for adequate mixtures and amounts of the essential amino acids. Even 
hen the cereal grains, especially wheat and rye, furnish most of the protein 
take, only one amino acid, lysine, is likely to be lacking. It has been sug- 
sted by Block that the enrichment of wheat breads with lysine would more 
an double their biological value, converting them from inferior protein foods 
foods having almost the nutritive value of the more expensive animal protein 
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foods. Corn, soybean, and food yeast have been found to be a nutritionally ade 
quate mixture, as has refined wheat flour and yeast (Odendaal; Sure). Suel 
plant mixtures might conceivably be substituted for meat, in part at least, or en 
tirely for short periods, in emergencies. In animal nutrition, where herds o 
cattle and floeks of poultry are fed the same foodstuffs for long periods of time 
it is easy to understand how specific amino acid deficiency might occur. Ani 
mals fed cereals alone are likely to be poorly nourished because of a deficiene 
in some of the essential amino acids. A supplement of skim milk will remedy 
this defect. In Table XXVI is shown the distribution of amino acids in some 
of the common food proteins, and it is quite apparent that the foods vary con 
siderably in their amino acid composition. 


*:- 


TABLE XXVI 


APPROXIMATE PERCENTAGE OF AMINO ACIDS IN SOME ANIMAL AND VEGETABLE PROTEINS ~ 
(CALCULATED TO 16.0 PER CENT NITROGEN) * 


WHOLE } WHOLE 


MILK CASE- | WHOLE | EGG GELA- GRAINS PEA-| SOY- 

MEAT |FISH a 
HU- IN EGG WHITE TIN NUT | BEAN: 

cow’s (%) |(%) CORN| WHEAT 

MAN 

(%) (%) (%) | (%) | (%) (%) (%)} (%) (%)| (%) 
Arginine 5.0| 4.3 [4.1 7.0 5.8 7.5.) 5.6) 27.8 | 20 oe 9.9] 5.8 
Histidine Oo ER BER. 9.4 2.2 2.3°) 1.9), 1.0-) 2.4 | pao eae 
Lysine 7 et 5) 6.9 6.0 6.5 8.1 | 6.8| 4.3 |-2.5 ae 3.0] 5.4 
‘Tyrosine 5.1] 5.3 6.4 5.0 4.8 3.1" | 450 0.2 | 6.1 Sete, 44] 4.1 


Tryptophan 9). 516 1.5 1.6 1.6 1.2°|.1.3°| “OOS 0.6 1.0 1.0} 16 


Phenylalanine} 5.9| 5.7 5.2 5.6 5.5 4-5 | 45] 18] 4.5 5.7 5.4] 5.3 


Cystine Sia: 2 arses 2.3 1 212) Rigel | (83 Sl Lea 
Methionine | 2.0| 2.8 | 3.5 4.0 rie 3.31 3.4] 08] 401. 30 | 0.9) Im 
Threonine TAG! £6) bo 4.9 43 | 44| 15 )3.6| 3.3 | 15) sam 
Leucine 15.0] 15.0 | 12.0 | 19.0 12.0 | | 4.0-/92.0] 18.0 10.0.) Sm) 
Isoleucine 76.2[- 44 ("S016 Ba | ' Poa {a pean) Soa | eek0) =, eee 
Valine 5.5] 5.0 | 7.0 4-5 3-4) | 20 5.01) 34° IPR meee 
Glycine 0.5 2.7.0 [983 F060. 7) S3tcleeue eens) aT 


*Data from Block, R. J., and Bolling, D.: J. Am. Dietet. A. 20: 69, 1944. 


Heat processing alters the nutritive value of proteins. Egg white is sail 
to be more easily digested, and phaseolin, a protein of the navy bean, ha 
greater nutritive value if cooked. Soybeans have a higher nutritional valw 
after cooking. This is due, in part, to the inactivation and detoxication of 
toxic protein, soyin (Liener and Pallaseh). As mentioned on page 217, ther 
is also present in soybeans a trypsin inhibitor, which is destroyed by hee 
(Ham and Sandstedt). Dry heat, however, seems to have a deleterious e: 
fect, particularly upon the proteins of cereals. Apparently lysine becomes us: 
less although it is not destroyed. It is thought that a linkage between the epsilo 
amino group and a free carboxyl group of a dicarboxylic amino aeid results 7 
the formation of an unnatural peptide linkage which cannot be split by the di 
gestive enzymes. (Mitchell and Block.) Other explanations have been suggeste: 
One is that, as a result of heating, the protein is so altered that the rate of r 
lease of the particular amino acids is slowed up. The delays result in les 
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efficient amino acid mixtures. (Melnick and Oser.) The importance of these 
abservations lies in the widespread use of toasted anc ‘““puffed’’ cereals in the 
American dietary. 

By several experimental methods it has been shown that earbohydrate can 
be formed from protein. If animals are made diabetic, either by injecting 
phloridzin or by removing the pancreas surgically, this transformation ean 
easily be demonstrated. After such animals have been depleted of their gly- 
2ogen and fat stores, the feeding of protein alone leads to the excretion in the 
rine of glucose in amounts greater than that excreted previously. Since the 
utrogen of the urine originates chiefly in the protein of the diet, it would 
seem that one could calculate the exact amount of sugar which is derived 
‘rom protein by studying the output of glucose and nitrogen in the urine of 
uch diabetic animals. In fact, this has been done and the glucose :nitrogen 
satio (formerly called D:N; ie., dextrose nitrogen) has long been a classic 
nethod for such calculations. In phloridzinized dogs the glucose :nitrogen 
‘atio was said to be 3.6:1. Since the nitrogen content of protein is about 16 per 
ent, this is equal to 58:16; that is, every 100 Gm. of protein would lead to the 
xeretion of 58 Gm. of glucose and 16 Gm. of nitrogen. Recently it has been 
yointed out that there are many sources of inaccuracy in using the glucose :nitro- 
ren ratio and consequently it is probably not entirely correct to say that 58 per 
rent of protein is convertible into carbohydrate. This, however, is the figure that 
jutritionists and dieticians have used and will use in ealeulating the glucose 
iquivalent of diets until a more accurate figure is demonstrated. [or example, 
t is employed in planning the diet of a diabetic individual when the total amount 
f carbohydrate present plus that derivable from protein is wanted in order 
lo calculate the insulin requirement. 

The source of the glucose obtained from protein is of course the carbon 
hains. Some of the carbon is used, as will be seen, together with the nitrogen 
o form urea. Much of the remainder should be available for carbohydrate 
rmation. All amino acids, however, do not form glucose; some form aceto- 


cetic acid (see Chapter 15). 















THE CARBOHYDRATE FACTOR 


Glucose, fructose, galactose, and, to a minor degree, mannose, as well as 
hose carbohydrates which yield them on digestion, are available to the body 
s energy producers. The pentoses in foods seem to be of no value nutrition- 
Ily except those that are in the nucleoproteins or nucleotides, and the utili- 
ation of these is not well understood at the present time. However, they form 
very small fraction of the total carbohydrate intake. As stated before, poly- 
aecharides or even disaccharides cannot be utilized until digested to the mono- 
echaride stage. When introduced directly into the blood stream, they act 
$ foreign bodies and are excreted, chiefly by the kidneys. 

Other nonutilizable carbohydrates are the indigestible polysaccharides— 
ellulose, lignin, agar-agar, gums, ete. These constitute a large part of the 
oughage of the food, the indigestible fraction which gives bulk to the feces. 
t is quite essential that food contain such substances, since a dearth of them 
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tends to produce constipation. The tendency in modern civilization has been 
toward a refinement of food, with a lessening in the amount of the indigestible 
parts of grains, fruits, and vegetables. On the other hand, an overabundanee 
of roughage may lead to irritation of the intestinal mucosa. It is not entirely 
the physical presence of the indigestible material, or the distention which it 
causes, that stimulates peristalsis. Certain intestinal bacteria are capable of 
decomposing hemicelluloses and mixed polysaccharides, with the production 
of lower volatile fatty acids. These, together with the hygroscopic nature of 
these carbohydrates and of some of the other products resulting from the 
action of microorganisms, have a stimulating effect and so produce bowel 
movement. Lignin and cellulose, which also escape digestion, have less effeet 
than the hemicelluloses and mixed polysaccharides in this respect. It is thus 
evident that the total carbohydrate of a food is not available for energy by the 
body. In food tables this fraction is usually termed ‘‘fiber’’; at any rate, 
much of it comes under that heading. 


The monosaccharides which are utilized are converted to glucose after 
absorption. The glucose then is either utilized directly, or indirectly, aften 
it has been converted to glycogen or to fat. It is in these two forms that 
excess carbohydrate is stored in a number of tissues and organs. Since some 
part of the protein molecule is transformed into sugar, this also may become 
part of the glycogen and fat stores of the body. 


THE FAT FACTOR 


Fat furnishes a proportionately greater amount of the body energy than 
do the other two foodstuffs. It is more slowly digested, and large amount: 
of it in a meal tend to slow down the digestion of the other foods as welll 
Furthermore, fats are usually not quite as completely digested as the digestibli 
carbohydrates and proteins. This is probably not because of any inhereni 
indigestibility of a particular fat but because of insufficient amount of lipas¢ 
present, because the conditions for fat digestion are not entirely favorable, anw 
because much of the fat is absorbed, undigested, in emulsified forin. 


There is no rule for the proportions of fat and carbohydrate in a diet. Thi 
normal person can get along equally well on a diet high or low in either fat ov 
carbohydrate. Of course the ‘essential fatty acids’? must be supplied (sea 
page 465), but the requirement is small and these fatty acids are found in 
many food oils. Dietary fat has a rather high ““satiety value’’; that is, th 
ability to satisfy hunger. Furthermore, fat has a greater effect than earbohy 


drate or protein in determining the specific dynamic action of foods. (Se 
page 570.) 










It is common knowledge that carbohydrate can be converted to fat. an- 
some of the protein also may be, after first passing through the sugar stage 
But can fat be converted to carbohydrate? It is generally agreed th 
the glycerol fraction of fat can be, since it is a simple three-carbon chain. Fo: 
purposes of dietetic computation this is usually taken as 10 per cent of th 
average fat molecule. Since fatty acids are eatabolized to the two-earbo 
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age, and then can enter the citric acid cycle and other metabolic systems, 
is evident that the possible conversion of fatty acid to sugar is no longer a sub- 
et of controversy. It will be discussed further in Chapter 17. 


THE MINERAL FACTOR 


The functions of the individual ions or elements will be discussed in Chap- 
r 18. Here the chief mineral elements which are of importance in foods 
ill be pointed out. These are calcium, magnesium, sodium, potassium, phos- 
horus, chlorine, sulfur, iron, and iodine. 

Foods which are relatively high in calcium salts are milk and milk prod- 
ets, beans, leafy vegetables, and shell fish. Vegetables, in general. contain 
ore calcium than animal foods. Some vegetables, however, have an appre- 
able amount of oxalic acid present, and this will form insoluble caleium 
alate in the intestinal tract and thus prevent the absorption and utilization 
‘some of the calcium present. These foods include rhubarb, Swiss chard, 
nach, beet greens, cocoa, and tea. Moreover, although calcium is widely 
stributed, it is not present in most foods in sufficiently high concentration, 
id a deficiency of this element in our diet is frequently evident. A tem- 
rary deficiency or even a long-continued deficiency of calcium in the food 
ay occur without the appearance of any symptoms attributable to a low 
cium metabolism because of the fact that the bones act as a storehouse of 
me. Under the influence of parathormone, the principle elaborated by the 
irathyroid glands, this element is withdrawn from the bone to make good the 
sses from the blood and soft tissues. The minimal adult requirement has 
en found to be about 0.5 Gm. of calcium per day, but, since some of the 
leium may be lost as calcium oxalate and other insoluble calcium compounds, 
higher level is usually advised. The recommended amount for adults has 
en set at 1.0 Gm. and for children, at 1.0 to 1.4 Gm. In pregnancy at least 
Gm. and during lactation 2.0 Gm. are required to provide the necessary 
lcium salts for the growing fetus and for the high calcium content of the 
, respectively. Since a quart of cow’s milk contains about 1.2 Gm. of eal- 
, one can see that a pint of milk a day will go far toward providing the 
tal calcium requirement of an adult and a quart of milk will do the same for 
child. The importance of milk in the dietary, from this standpoint, cannot 
stressed too strongly. 

Phosphorus is found in those foods containing phosphoproteins, phospho- 
ids, and glycerophosphates, as well as the inorganic phosphates, which are 
iefly calcium and sodium phosphates. Since, quantitatively, the greatest 
oportion of the phosphorus is used to form the bone salt, which is largely 
leium phosphate, it is evident that the phosphorus intake should bear an 
timum relationship to the calcium intake. That is why the expression Ca:P 
tio is used so often in this connection. In growing children the Ca:P ratio 
ould be between one and two. That is, the calcium intake should be as great 
the phosphorus, or greater—up to twice as great. In the adult, the need 
r bone formation being less, the Ca:P ratio may be lower. The particular 
ods which are richest in calcium are also richest in phosphorus; namely, 
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milk, cheese, and beans. Eggs, cereals, fish, and meats are also high in this el 
ment. If the calcium intake is satisfactory, the phosphorus will also usual] 


be. * 

The common mixed dietary contains sufficient magnesium, sodium, and p 
tassium. These elements are widely distributed in foods, and, unless too mue 
highly refined food, such as white flour, is consumed, there is seareely an 
likelihood of a deficiency. The same applies to the chlorine. Since we ad 
sodium chloride to our foods, we ordinarily have enough of both element 
The sodium and potassium content of many articles of diet may be found i 
Table LI of the appendix. When there is excessive perspiration, as in sun 
mer, or in the case of men working at high temperatures, as at blast furnace 
there may be a need for additional salt intake. This is generally recognize 
by physicians and industrial experts. Magnesium is needed for bone salt 
and the proper balance of sodium, magnesium, calcium, and potassium is ( 
importance in regulating the irritability of many, if not all, cells. Chlorine 
required to produce gastric HCl, and it also plays a role in the transport « 
gases in the blood. 

We obtain most of our sulfur from sulfur-containing amino acids, meth 
onine, cysteine, and cystine. There is a small amount of organic sulfide » 
foods but very little sulfate. The organic sulfur is oxidized in large part ° 
sulfate and as such plays a significant role in acid-base balanee. One of tl 
sulfur-containing amino acids, methionine, is considered essential. Other su 
fur-containing compounds of physiological importance are glutathione, insulii 
biotin, and thiamine. The supply of sulfur in our food is chiefly depende: 
upon the amount and quality of the protein. Therefore an optimum prote: 
diet will lead inevitably to an adequate sulfur intake. - 4 

Iron is, of course, bound up with hemoglobin formation. It is therefo: 
necessary to have a sufficient quantity of iron available whenever new henr 
globin must be produeed. Children, invalids, or patients, who have lost bloc 
naturally are in greater need of iron than are normal adults. Many foods ar 
at hand that have considerable quantities, but there is some doubt as to wh? 
type of iron ean be utilized by the body. Some authorities maintain that ire 
in the heme form is of no value, that it cannot be absorbed and utilized, al 
that only iron in the ionizable form is of physiological value. If this is tru 
the total iron content of any food does not necessarily represent the amou 
available. All nutrition authorities are not in agreement on this point. Ith 
been shown, for example, that the iron in beef is made available by mer 
heating it and it is quite possible that further investigation will show tl 


much of the iron of the heme and related forms ean be rendered physiologiea’ 
available in this way. 









Iodine is needed in very small amounts by man, but there is no gener 
agreement as to the exact requirement. The estimates vary from 14 to & 


gamma per day, but even the highest fieure is still a very minute amou 
Nevertheless these minute amounts may be |] 


regions remote from the ocean. Sea foods in 
tent of iodine, and vegetables and fruits ero 


acking in diets, particularly 
general have a satisfactory e 
wn on the seaboard, or wherev 
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he Soil contains iodine, likewise are sufficiently rich in this element. In sec- 
ions where a low iodine content of the diet occurs, sodium or potassium iodide 
; generally added to the public drinking water or to the table salt (1 :5,000 
» 1:200,000). 

Other elements which are also present in minute amounts in foods are 
uorine, bromine, copper, zine, manganese, silicon, aluminum, eobalt, and nickel. 
opper, cobalt, zinc, manganese, and, perhaps, fluorine in traces are essential to 
an, but the others are accidental constituents and are of no particular bene- 
t and of no harm. 


Acid- and Base-Forming Properties of Foods 


_ When a food is incinerated in a crucible, the ash remaining will have an 
cid, alkaline, or neutral reaction, depending upon the proportion and type of 
nions and cations present and the effect of heat upon them. When the same 
od is consumed by a person, its final products will sometimes have the same 
2action as the ash, but there are other factors which modify the ‘‘ash”’ left 
y vital processes. Proteins and nucleoproteins yield sulfuric, phosphoric, and 
ric acids. These acids are neutralized by basie elements before excretion 
nd thus tend to diminish the alkaline factors of blood and urine. Fruits and 
egetables usually have enough positive radicals, such as calcium, magnesium, 
dium, and potassium, to combine with the acid produced by proteins or with 
ther acids. Organie acids such as citric, malic, tartaric, and lactic, present 
| fruits and vegetables, are oxidized to carbon dioxide. Most of this is lost 
way of the lungs, while the potassium salts of the above acids, also oc- 
ring in fruits, are oxidized to KHCOs, which, if present in excess, is ex- 
eted in the urine. Thus vegetables, even acid fruits, usually have an 
kaline effect. There are some exceptions. For example, benzoic acid pres- 













TABLE XXVII 
POTENTIAL ACIDITY OR ALKALINITY OF FOODS 

















FOODS HAVING A 
NEUTRAL OR 
FOODS HAVING A PREDOMINANTLY | NEARLY NEUTRAL FOODS HAVING A PREDOMINANTLY 
ACIDIC EFFECT EFFECT BASIC EFFECT 
fe ahaa Butter Apples Grapes 
king powder Lamb Cottonseed oil Apricots Lemons 
Liver Cream Asparagus Lettuce 
Lobster Custard Bananas Oranges 
Maearoni or Fudge, chocolate} Beans, lima Peaches 
ead, rye spaghetti Honey Beans, string Pears 
ad, white Oysters Ice cream Broccoli Pineapple __ 
e, plain Pastry Milk, whole Brussels sprouts} Potatoes, white 
e, cheese Plums* Milk, butter Cabbage Potatoes, sweet 
Pork Olive oil Cantaloupe Raisins 
Prunes* Onions Carrots Raspberries 
Sausage, Pie, apple Cauliflower Tomatoes 
Scallops Sugar Celery Walnuts 
berries* Shredded wheat| Syrups Dates 
Shrimp Tapioca Eggplant 
Turkey Figs 
Veal Cr apefruit 











*The ash of these foods i, is alké line but, because of the presence of benzoates, which form 
puric acid, they increase the acidity of the urine. 
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ent in eranberries is not oxidized by the body and is excreted as hippuric aci 
(after combining with glycine) and thus has an acidic effect upon the urin 
Oxalie acid found in rhubarb, beet leaves, cocoa, and tea is also an exception 
This is oxidized very poorly and is neutralized and excreted as oxalate. (Se 


Table X XVII.) 
Vitamins in Foods 


Although vitamins have been discussed in some detail in Chapter 12, a fey 
points may be added or repeated here from the standpoint of foods. Tt is tru 
that under normal conditions the average varied diet contains sufficient vite 
mins of all kinds for normal, growing children and adults. (Babies, howeve: 
require additional vitamins C and D to supplement their milk diet.) It woul 
seem, therefore, that there should be little need for vitamin concentrates i 
good health. The ‘‘normal conditions’’ mentioned, however, mean acces 
to a sufficient amount of fresh foods, properly cooked, and in a suitable variet; 
Absolutely fresh vegetables are difficult to obtain in the cities, and storag 
causes a progressive loss of vitamin C. Very often in the preparation of veg 
tables in restaurants, hotels, and hospitals, they are kept on the steamtab. 
for hours. Under these conditions some of vitamins A, B, and C may be ox 
dized and lost. If the vegetables are drained of their cook water, all of tl 
water-soluble vitamins suffer some loss by being thus discarded. Even tk 
shredding or cutting of raw vegetables served as salad results in the liberatia 
of ascorbic acid oxidase and the oxidation of a considerable amount of ascorb: 
acid. Meals, therefore, have a higher content of vitamins if they are carefull 
prepared and served promptly. In general, however, almost the only vitami 
that we are likely to lack under conditions of a varied diet is thiamine, vitt 
min B,. It is not as widely distributed as the other water-soluble vitamin 
and, being water soluble, is not stored to an appreciable extent. 

The milling of wheat results in the production of a refined white flour, whic 
has greater keeping qualities than whole wheat flour. The loss of the germ an 
bran, however, reduces its thiamine, niacin, riboflavin, and iron content tn 
mendously, as well as its calcium, phosphorus, fat, and protein to some exter 
This is now partly remedied by the ‘‘enrichment’’ of white flour, which was # 
complished during World War II by Federal order and is now carried out 
millers under state laws and also voluntarily. Table XXVIII shows that e2 
riched bread compares favorably with whole wheat bread in vitamin and mii 
eral constituents but is still slightly deficient in protein. 







TABLE XXVIII 
COMPARISON OF ENRICHED, PLAIN WHITE, AND WHOLE WHEAT BREADS* 

















PLAIN WHITE 








ENRICHED WHOLE WHEAT! 


BREAD WHITE BREAD BREAD 
Thiamine, mg. per lb. 0.3 
Riboflavin, mg. per lb. 0.5 
Niacin, mg. per lb. 3.0 
Iron, mg. per lb. 3.9 
Calcium, mg. per lb. 254. 
Protein, gm. per lb. 39 





*From United States Department of Agriculture, Bull. AIS-39. 


Enric "eg : i e : 
P. iia of eRe Se Contain 300-800 mg. of calcium per pound as well as 150-750 U. 
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Following the introduction of enriched flour many other foods have had 
vitamins or minerals, or both, added to them. Among these are corn meal and 
grits, macaroni and spaghetti, rice, and processed cereals. Hydrogenated fats 
are devoid of vitamin A because hydrogenation inactivates the vitamin. For 
this reason oleomargarine is commonly fortified with at least 9,000 U. S. P. 
units of vitamin A per pound, and much of the milk on the market has addi- 
tional vitamin D added to it. 

Under extraordinary circumstances, such as food rationing or other con- 
ditions of food shortages, vitamins may be lacking to a greater degree. ‘‘One- 
sided’’ diets, because of allergies, or because of some other pathological con- 
dition, may also lead to vitamin deficiencies. This sometimes occurs when an 
individual, because of extreme fondness or violent dislike for particular foods, 
constantly restricts himself to a very few items of diet. If these conditions 
cannot easily be remedied by vitamin-rich foods, the vitamin concentrate indi- 
cated should be resorted to. Some physicians believe that patients with low 
resistance are benefited by a ‘‘shotgun’’ concentrate of four or five of the most 
important vitamins. At present we know of no contraindications. 


Recommended Dietary Allowances 


The Food and Nutrition Board of the National Research Council has col- 
lected the data of recommended allowances of the calories, protein, calcium, 
iron, and vitamins. They are presented in Table XXIX. These figures repre- 
sent not the minimum requirements but the amounts which, according to present 
information, should be ample for good nutritive conditions. No absolute re- 
uirements can be set for any factor. All are relative and usually refer to the 
verage person on an average diet. In general they furnish a considerable margin 
f safety; that is, they are somewhat higher than nutritionists generally feel 
re absolutely necessary. The Canadian Council on Nutrition suggests lower 
alues for several vitamins; that is, 3,000 instead of 5,000 I.U. of vitamin A, 
9 mg. instead of 1.5 mg. of thiamine, and 1.5 mg. instead of 1.8 mg. of ribo- 
avin, for a man weighing 70 kilograms. 

‘‘The Basic Seven.’’—For convenience in planning the dietary, especially 
or the housewife with little knowledge of scientific nutrition, the classification 
f foods into ‘‘the basic seven’’ has been devised. This is a broader grouping 
han might be desired, but it is easy to remember and should accomplish its 
bject. ‘‘For health,’’ we are told, ‘‘eat some food from each of the basic 
even food groups every day.’’ These seven groups are as follows: 


1. Milk—two or more glasses daily for adults; three or four or more glasses daily 


for children 
. Vegetables—two or more servings daily besides potato; one raw vegetable; green 





bo 


and yellow, often 
Fruits—two or more servings daily; one citrus fruit or tomato 
. Eggs—three to five a week; one daily preferred 
. Meat, cheese, fish, or legumes—one or more servings daily 
. Cereal or bread—most of it whole grain or ‘‘enriched’’ 
. Butter—two or more tablespoons daily 


NO oP & 


Condiments.—Among condiments we may class table salt, vinegar, spices, 
etchup and other sauces, and flavoring extracts. These are the substances 
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which add savor and zest to the meal. Their judicious use by cooks, or by 
diners, may transform insipid, unappetizing meals into delicious repasts. In 
that way they are valuable both in enabling one to make good use of foods 
which otherwise would be less acceptable and in stimulating the flow of diges- 
tive fluids. 

Some of them have other qualities. Sodium chloride is an absolute neces- 
sity but is present in the average diet in sufficient quantities for most indi- 
viduals under ordinary circumstances. Ketchup and similar sauces often con- 
fain appreciable amounts of vitamins, minerals, and small amounts of protein, 
carbohydrate, and fat. Vinegar is dilute acetic acid with minute amounts of 
lavoring substances. The spices contain volatile oils which give them their 
specific aroma and flavor. There are the stimulating spices, such as the pep- 
pers, mustard, and horse-radish; the aromatic spices, of which allspice, anise, 
cinnamon, clove, ginger, and nutmeg are examples; and the sweet herbs, which 
melude dill, marjoram, sage, and thyme. An excess of any of the spices may 
sause indigestion because of irritation of the gastrointestinal mucosa. Flavor- 
ng extracts are usually alcoholic solutions of the flavor-containing parts of 
plants and here, too, volatile oils are, for the most part, the active ingredients. 
Several synthetic products have been prepared which imitate the natural ones 
very closely, but usually the natural flavor has impurities which give it a fuller 
lavor, or “bouquet.” Vanilla is the most commonly used extract, with lemon, 
ulmond, wintergreen, and others also frequently used. Although some of the 
special constituents have some pharmacological properties, the amounts in- 
volved in cooking, baking, ete., are usually so small as to render any effects 
neonsequential. 


Beverages.—Coffee and tea have little food value except for the sugar, 
ilk, or cream added. Both contain the purine alkaloid, caffeine, which is 
sponsible for their stimulating properties. Both coffee beans and tea leaves 
ontain tannins and the amount present in the beverage will depend largely 
pon the method of preparation. The distinctive flavors arise from aromatic 
olatile derivatives which also have slight pharmacological action. Cocoa and 
hocolate have higher food value, even without the usual additions, than do 
offee and tea. Cocoa has had some of the fat removed. Both contain theo- 
romine, a purine alkaloid similar to caffeine but with less effect upon the 
ervous system. The cola beverages also contain caffeine. Of all of these 
everages probably cocoa and chocolate are the most nutritious and least harm- 
ul. The question of whether alcohol is a food is difficult to answer. It is almost 
ompletely utilized by the body when ingested in moderate amounts and vields 
bout 7 Calories per gram. This energy is available for heat and work and 
or sparing other foodstuffs. It has been thought that it cannot be converted 
to glycogen, but since CO, can be utilized in the formation of glycogen (see 
age 417) there is no reason to assume that the CO, resulting from the break- 
own of aleohol cannot be. On the other side of the question is the fact that 
xcessive amounts of alcohol have toxie properties not found in ordinary foods. 
urthermore, it is habit forming and may cause serious pathological conditions. 


Extensive damage to teeth may result from the frequent use of lemon juice 
Stafne and Lovestedt) or beverages containing free acid. Certain cola bever- 
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ages have as much as 10 per cent phosphoric acid. These acids have been found 
to cause a marked deleterious effect upon tooth structure, particularly if the 
drink is ingested daily and at times other than with meals. However, the 
buffering action of saliva, combined with the fact that such acids stimulate the 
flow of saliva, would seem to minimize this danger, particularly if the amounts 
taken are not excessive. 


Preservation of Foods 


That the preservation of foods is of tremendous importance needs no ex- 
planation. This has been true for centuries. The ancients stored grain in 
seasons of plenty to provide for days of want. Savages have preserved game 
and fish by drying, salting, and smoking, and some of their primitive methods 
are still successfully used. To these were later added pickling and the making 
of jellies and preserves. Within the last century refrigeration has progressed. 
to such an extent that, with the increased cold-storage facilities for eggs, meats, 
and other perishable foods, it has become one of the major methods of food 
preservation. Canning also has become an industry of vast dimensions, and 
more recently the freezing and the dehydration of foods, particularly vege- 
tables, have added new conveniences and economies to food preservation and 
transportation. 

When meat or fish is preserved by pickling, from 18 to 25 per cent of salt 
is added to the fluid in which the food is soaked. The salt precipitates some 
of the protein and therefore hardens the fibers. A small amount of the pro- 
tein is lost in the brine, but most of it is left intact. Spices are added both 
for flavor and to aid in preservation. Sometimes vinegar is also used, particu 
larly when fish is pickled. The pickled or canned meats are always cooked 
before being eaten, and there is little danger of food poisoning or parasite 
infestation. Pickled fish, however, are usually eaten uncooked. The food 
value of such products is high, although the digestibility varies with the 
method of preservation employed, as well as with the individual. The same 
criticisms apply to smoked meats and fish. They are usually salted first ana 
then smoked. The antiseptic effect of the smoke is due to formaldehydes 
creosote, acetic acid, etc., in the smoke. Smoked meats and sausages are somes 
times eaten raw, and there is danger from the ova of parasites but not muel 
danger from bacteria. No studies on the preservation of vitamins in pickled® 
salted, and smoked products have been made. Many individuals have diffi 
culty in digesting pickled, salted, or smoked foods, and they should seldom be 
included in a patient’s diet. 

Jellies and preserves are excellent sources of calories but are not recom 
mended for children as highly as they formerly were. Fruits are cooked with 
sugar and spices, and the chief antiseptic action comes from the high concen 
tration of sugar. However, the jellymaker always seals the hot fluid witl 
paraffin to exclude organisms so far as possible. The gel formation is brough 
in gel form hut condlat of the acto or eee SAE Ea a a 
and spices to a thick consistency There a nee ey bis “7 

’ 1s Some loss of ascorbic acid in th 
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reparation of jellies and jams. It is not as great as might be expected, and 
here is some evidence that the sugar has a stabilizing effect on this vitamin. 


Cold has been used for a long time both on a large and a small scale for 
he preservation of foods. The old-fashioned household icebox, the modern 
tutomatie household refrigerator, and the “‘cold-storage’’ of eggs, meat, and 
mutter are all commonplace subjects. Low temperatures kill few bacteria but - 
hey prevent the growth of most of them. In order to keep foods for long 
yeriods of time in cold-storage warehouses, the optimum temperature must be 
ised for each type of food. Meat and poultry are better preserved in the 
rozen condition. Fish should also be frozen, then dipped in water and re- 
rozen ; the coating of ice prevents loss of moisture. Most other foods should 
10t be frozen by ordinary methods but can be kept fairly well in the cold for 
ong periods. However, if the modern ‘‘quick-freeze’’ procedure is used, a great 
nany foods may be kept in the frozen condition indefinitely. When foods are 
rozen slowly, the ice crystals formed may be many times the size of the indi- 
idual cells. This causes damage to the cells and, upon thawing, there is a 
hhange in texture and leakage of the cell contents and consequent changes in 
lavor. In quick freezing the usual temperature range is from —17.8 to —40° C. 
When foods are rapidly reduced to such temperatures, the ice erystals formed 
re much smaller and the damage to cell structure is negligible. As much 
vaste as possible is removed before blanching (when necessary) and freezing ; 
he work must be done swiftly to avoid any decomposition, and packaging 
nust be as moisture-proof and air-proof as possible to prevent drying and the 
etion of the oxidizing enzymes, respectively. Quick-frozen or ‘‘frosted’’ 
oods include fruits and vegetables and meat, fish, and poultry. The process 
eems to lessen cooking time and to make meats more tender. Microorganisms 
annot develop at this low temperature, and all nutritive constituents, includ- 
g vitamins, are preserved. However, such foods must be kept cold until just 
efore they are ready for cooking, because they rapidly lose their ascorbic acid 
ontent after thawing. This can be avoided by cooking without defrosting. 
hiamine is not affected by the freezing process, but considerable loss may 
ecur in the blanching of vegetables prior to freezing. In general, however, 
e nutritive value of frosted foods compares very favorably with that of fresh 
r canned foods. 

Drying foods likewise has both an old and a new aspect. Meats and fish 
ave been sun-dried for centuries, and the same is true of fruits and vegetables. 
his preserves foods quite well if the drying is quickly accomplished. Conse- 
uently artificial driers have been devised which are an improvement on sun 
nd wind. Usually the flavor suffers more than the food value, but the vitamin 
and © values diminish considerably unless great care is exercised to prevent 
xidation during the drying process. Dehydration of foods was stimulated by 
ar conditions. The economy of shipping dehydrated foods and the impor- 
ance of carrying such foods as emergency rations by soldiers was apparent. 

me progress was made but the development of “hay flavor after the 
ried vegetable has been kept for a few weeks has been difficult to overcome. 
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The standard dried fruits are prunes, raisins, apples, figs, dates, apricots, and 
peaches. Dried milk is also a useful product, and dried eggs have been used 
in the baking industry for many years. ; 

Home canning and commercial canning are still probably the most impor- 
tant methods of food preservation. Commercial canning has reached a very 
high point from a scientific as well as from an economic consideration. The 
former dangers from canned foods are well-nigh obsolete. These dangers arose 
from (1) defective containers, (2) poor foods, and (3) insufficient processing. 
Today almost the only possibility of a defective container is as a result of dam- 
age in transit. A safe rule is to never accept a can of food if the container is 
bent or bulges, or if the label shows evidence that the contents have leaked out. 
As regards poor food, the reverse is usually the case. Today the canner insists 
on high-grade materials, in some cases even furnishing the growers with the 
seedlings or the seeds of the particular variety of vegetable he wants grown for 
him. The process of commercial canning is a science in itself. The principle, 
discovered by Appert, a Frenchman, in 1804, is that foods, heated in a container 
and sealed in such a way that no air is left inside, will keep indefinitely iff 
heated again for a sufficient length of time. The temperature and duration 
of heating varies with different foods. The basic operations in canning are: 
(1) cleansing, (2) blanching, i.e., application of warm or hot water, or steam, 
(3) filling into cans, (4) heating and exhausting air and other gases, (5) seal- 
ing the tin-plated container, and (6) heat-processing the sealed container. 

The blanch softens the fibrous plant tissue and inhibits the enzymes which: 
might tend to digest or spoil the food. However, it is also the cause of loss off 
some carbohydrate, minerals, and vitamins. In general, however, the canning: 
process per se tends to retain the vitamin content of most foods, except beans 
and peas, in which losses of asecorbie acid, thiamine, riboflavin, and niacin 
occur. During storage of canned goods, however, a gradual deterioration of 
vitamin values usually occurs. This ean be lessened by storage at low tempera- 
tures. (Guerrant; Sheft.) Different foods vary in this respect. It is there# 
fore evident that the housewife should not store canned foods for long periods 
of time. 


Food Allergy 


Many individuals are peculiarly sensitive to certain foods, just as others 


are to pollen or other particles in the air they breathe. The symptoms rangé 
from sneezing to vomiting, from headaches to hives, from edema to diarrhea 
and many more, some minor and some quite serious. These effects are believec 
to be due to the release of histamine by an immunological reaction. The sam 
symptom, or group of symptoms, usually oeeurs in a given individual, but they 
may be caused by more than one food. Proteins have been considered the caus? 
ative agents, and undoubtedly are in most cases, but there are some assertions i 
the literature that fats and even carbohydrates have been found responsible. The 
discovery of the ‘‘allergen”’ in any particular case is often not an easy matter 
One method consists of injecting the isolated concentrated proteins from diff 
ferent foods into the superficial layers of the skin or applying the protein 
to a seratch made in the skin. A number of these are done by the physiciar 
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at one session. A positive reaction is indicated by a wheal or ‘‘hive’’ around 
the applied protein. Sometimes the results are inconclusive or negative. In 
that event the patient is put on successive standard elimination diets. These 
are standardized diets, each one eliminating certain foods or food groups. If 
the patient is without symptoms on one of these, it indicates that he is not 
Sensitive to the constituents of that diet. Then foods which are absent from 
the basic diet are added one at a time until a reaction, peculiar to the patient, 
is produced by one or more of them. The most usual allergens are milk, eggs, 
wheat, and potatoes. In conducting such an investigation it may be necessary 
to add vitamin concentrates since the elimination diets may very well be low 
in one or another of the vitamins. The best treatment, after the offending 
food or foods is determined, is to plan an adequate diet which will not contain 
the allergens. 


Diet Therapy 


For specific directions, diet lists, recipes, etc., in handling diets in disease, 
reference must be made to works on nutrition, dietotherapy, and medicine. 
Here, only the biochemical aspects will be outlined and, in general, only the 
relationship of foods—not other types of treatment—will be considered. 

Obesity.—Obesity is caused by an oversupply of calories, which may 
be due to overeating, to underexercising, or to a combination of both. The 
possible influence of endocrine dysfunction will be discussed in another chap- 
ter. From a dietary standpoint, a reduction in weight may be achieved by 
providing fewer calories than are needed by the individual, irrespective of 
their source or balance. This obviously is an unsound method, although many 
of the popular diet systems of reducing are based on some such one-sided diet. 
The physiological method is to ingest a diet which has a normal balance, with 
an adequate amount of protein and all the essential mineral and vitamin fae- 
tors. The caloric requirement of the individual should be calculated on two 
bases: (1) on his or her present weight and (2) on the standard weight for 
his height and age. Unless the weight reduction desired is not very great, 
it is unwise to plan the diet immediately on the basis of the desired lower 
weight. Very rapid reduction is unwise because it involves the quick con- 
sumption of the body fat stores and is therefore equivalent to a predominantly 
fat diet, which often produces ketosis. Consequently when the weight is re- 
duced at a rapid rate there frequently results acidosis, with accompanying 
unpleasant symptoms. A safe rule is to reduce about a pound a week. Since 
body fat is about one-fifth water, a pound is equivalent to 454 grams x % x 9 
Cal./Gm., or about 3,200 calories. In other words, the maintenance diet for 
the present weight may be reduced by about 3,200 Cal. per week, or from 450 
to 500 Cal. per day. This should be taken out of the fat allowance primarily 
and carbohydrates secondarily. If reduction does not immediately oceur, the 
diet need not necessarily be changed, because frequently water is held tempo- 
rarily in the tissues in place of fat and is lost later on. That is, the actual fat 
has been utilized but this has not become apparent at once. Barach recom- 
mends that two-thirds of the required calories be derived from carbohydrates 
and one-sixth each from proteins and fats. 
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Exercise will contribute little to weight reduction. It is advised, in mod- 
eration of course, in order to improve physical well-being and muscular tone, 

Malnutrition Underweight is frequently more difficult to combat than 
obesity. If no definite pathology is apparent to account for the condition, 
dietary measures should be advised. A good multivitamin supplement is in- 
dicated to take care of any unsuspected deficiency and to stimulate appetite. 
High fat and carbohydrate foods of rather concentrated types are ree 
ommended if the patient can digest them. An adequate protein intake of 
varied nature should be provided, but an excess is to be avoided. This is 
because protein has a higher specific dynamic action than carbohydrates and 
fats. That is, proteins stimulate the metabolic processes of the body in a 
peculiar manner. (See page 570.) 

Gastrointestinal Disorders.—Hyperchlorhydria is a symptom which is fre- 
quently encountered. It must be remembered that HCl is secreted at a con- 
stant concentration; hence, high acidity simply means an increased volume of 
gastric juice, too large to be buffered in the normal manner. One method of 
combating it is to eliminate highly spiced foods from the dietary since these 
stimulate the flow of gastric juice. Another way is to feed a high protein diet 
since the proteins combine with HCl to form a relatively weak acid. The 
reverse condition, hypoacidity, is treated by giving stimulating, but easily 
digested, foods with relatively low protein and fat content. In gastritis dietary 
treatment is usually a bland, smooth, soft diet, the composition of which will 
depend upon whether hypo- or hyperacidity is present. In peptic ulcer, hyper- 
acidity is usually present as well as high pepsin values. This condition is very 
common and very serious. Many special diets have been devised and recom- 
mended. In general, peptic ulcer diets consist of frequent feedings of small 
quantities of liquid foods which constantly neutralize the secreted acid and. 
prevent its accumulation as free acid, but the amount and kind of food must: 
be regulated to satisfy all the nutritional requirements. Co Tui and co-workers ¢ 
have recommended, in the management of gastrointestinal ulcers, the feeding of 
protein hydrolysates in large amounts, reinforced with high calorie supple-- 
ments, The explanation for the favorable effect of this ‘‘hyperalimentation t 
regimen’’ is that the amino acids buffer the HCl and also enable the body tor 
repair the damage to its protein. At the same time the digestive effort of thes 
gastrointestinal canal is lessened. 

Flatulence or gas formation in the gastrointestinal canal occurs both in® 
health and in disease. It is most distressing after an abdominal operation, : 
but in such a ease it does not appear to have much relation to foods but to a 
lack of intestinal tonus or inhibition of peristalsis followed by diffusion of 
blood gases into the intestine. In general, a lack of HC] in the stomach may 
permit more microorganisms than usual’to pass into the duodenum, and gass 
formation ensues as a result of their growth. Some foods are more productiver 
of gas than others. Well-known examples are members of the cabbage famil 
and also turnips, onions, peas, and beans. Melons, cucumbers, and radishe 
are other offenders in this respect. Various syrups also are gas producers 
perhaps serving as media for yeasts in the lower part of the tract. 
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Diseases of the Liver and Gall Bladder.—In liver diseases a high carbo- 
ydrate, moderately high protein, and moderately low fat diet is indicated. 
iver cells are much more readily restored to normal function if their glycogen 
mtent is built up. A protein intake of from 70 to 100 grams is recommended 
r several reasons: (1) it promotes repair of damaged cells, (2) it appears 
) have a protective function, and (3) it tends to overcome hypoproteinemia 
hich may occur in hepatic conditions. The load of protein should not be too 
eat because the liver is the site of protein degradation and formation of urea, 
id this might produce too much of a strain on its powers. The low fat is 
commended because fat requires bile secretion for its digestion and absorp- 
on, and this hepatic function must be spared as much as possible. Since bile 
cretion is depressed, the fat-soluble vitamins will not be absorbed in sufficient 
nounts. For this reason, vitamin supplements are advised—in some instances 
en administered parenterally. Indeed, if the patient is unable to eat, intra- 
nous feeding of amino acids, together with glucose, fats, vitamins, and salts, 
ay be instituted. In gall bladder conditions, dietary treatment depends largely 
| whether blood cholesterol is high or not. If it is high and is associated with 
istones, foods rich in cholesterol are excluded from the diet. (See Table 
XX.) Other fatty foods, such as olive oil, may be given to stimulate the emp- 
ing of the gall bladder. High protein also has this action. If there is no 
rpercholesterolemia, the avoidance of cholesterol in the diet is not necessary, 
id a high fat diet may be helpful by stimulating the gall bladder to contract. 


Celiac Disease.—Celiac disease has as its principal symptom fatty stools 
teatorrhea). It occurs chiefly in children. The abdomen is greatly dis- 
ded, largely because of accumulation of intestinal gas. At the same time 
ere is a complete metabolic upset; fat stores are used up and growth is 
nted. Similar conditions are nontropical sprue of adults and tropical sprue. 
tty stools are common to all three conditions, with a consequent loss of cal- 
m and vitamin D via the feces. Besides an inability to digest and absorb 
, there is frequently also an interference with starch digestion. The first 
p in diet therapy is to give a high protein diet, next add fruits, and then 
mall amount of easily digested starchy food. Bananas are particularly well 
erated in these conditions. Finally, one egg yolk a day is permitted be- 
se of its fat-soluble vitamin and lecithin content. Further fat additions 























inadvisable. 


A number of different dietary regimes have been recommended for these conditions. 
nt European studies suggest that wheat fiour is to be avoided in celiac disease. One of 
proteins, gliadin, seems to be harmful. The explanation for the beneficial effects of 
anas and other fruits lies in the diminution in the amount of wheat products ingested. 
is also maintained that unsaturated oils, such as olive and soybean oils, are better tolerated 


celiac disease. 


Kidney Conditions.—The diet in acute glomerulonephritis is planned to 
ieve the kidney without regard to the total nutritional needs of the patient 
use of the short period of time involved. A low protein diet with little 
anything else is given in order that a urine low in total solids will be 
ereted by the abnormal kidney. The total fluid intake should be adequate 
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to dissolve the urinary constituents easily but not too great to put a heay, 
load on the kidney—perhaps from 1,000 to 1,200 ¢.e. daily. As soon as th 
condition is corrected the protein intake is restored to normal. In chroni 
elomerulonephritis there is a failure to secrete the nonprotein waste constitu 
ents which results in accumulation of these constituents in the blood, and alg 
a loss of serum protein in the urine. In the past, both of these phe 
nomena influenced the physician to restrict protein in the diet—in the firs 
instance because more protein led to a greater production of urea, uric aeid 
etc., for the kidney to eliminate, and in the second instance because it wa 
felt that the feeding of protein led to a greater excretion of it by the kidney 
At present it is considered more important to make good the loss of protein 
from the blood by feeding extra protein. Furthermore, a low serum protei 
usually occurs or threatens to oceur, and a high protein diet tends to counter 
act this. Consequently the general trend is to feed the normal requiremen 
of protein plus an amount equal to that lost by way of the urine. Some clini 
cians have favored restricting the salt intake drastically, but today this is no 
generally accepted. A moderate restriction, say to 2 Gm. per day, is ofter 
advised. It also seems wise to have the diet tend more to the basic ash type 
because acidic constituents are less easily excreted by the kidney. The tota 
water intake should be nearer 1 than 2 liters. In nephrosis, or degeneratiyi 
Bright’s disease, the same principle regarding protein is applied. The condi 
tion called ‘‘lipoid nephrosis’? may be a metabolic disturbance rather than : 
kidney disease. Edema, oliguria (small volume of urine), marked proteinuria 
and low serum proteins occur. There is no retention of nitrogenous product’ 
in the blood. Very high protein diets, containing from 120 to 240 Gm. o 
protein per day, with low carbohydrate and very low fat have been widell 
used (Epstein). In conditions in which the proteinuria is not pronouneeé 
(nephrosclerosis), a balanced diet with moderately high protein is reeommendeG 


Urinary CalculiCaleuli which form in the kidney or urinary bladder art 
usually mainly composed of urates, oxalates, or phosphates. Their formation 
will be considered when urinary constituents are discussed. From the dietary 
standpoint it should be pointed out that urates arise from nucleoprotein metal 
olism. Therefore, persons who have had urate stones should be on a lov 
nucleoprotein diet since urinary calculi are very likely to recur. Glandulat 
meats are richest in nucleoproteins, but nonglandular meats are relatively hig ‘ 
as are also the germ of grains and the actively growing parts of plants, sue: 
as the tips of asparagus, soybean sprouts, ete. Anchovies, sardines, and eavi 
also contain considerable quantities of nucleoproteins. The reason for great 
oxalate excretion in the urine by some individuals than by others is not we: 
understood. Undoubtedly some oxalate originates in metaboli 
until our knowledge of the underlying reaction 


dietary suggestion which seems logical is to avo 
formed oxalate content. 









sm. Howeve 
S is better known, the onl 
id foods having a high pr 
These include spinach, chard, beets, beet leaves, rh 
barb, tomatoes, figs, okra, gooseberries, sweet potatoes, cocoa, chocolate, ant 


tea. Phosphates precipitate in an alkaline urine. Therefore, the indicate 
diet for phosphaturia would be an acid-ash diet low in phosphorus. Phosph 


FOODS 335 


roteins, nucleoproteins, and phospholipids all contain phosphorus. Hence, 
ailk, glandular foods, and eggs should be given in moderation, and meat and 
ereals, both of which are acid forming, in increased amounts. 


Gout.—Clinicians are not in agreement regarding the underlying cause 
f gout. It has been stated generally that purine metabolism is not deranged 
ut that some fault in the excretion exists—that before and during an acute 
ttack the excretion by the kidney is halted. Talbot and Coombs maintain 
hat this condition exists only in elderly patients whose kidneys have been 
amaged. In patients with normal kidneys there is, in fact, an increased 
xeretion of uric acid. They correlate the attacks with an increase in weight, 
ue to a diminution in insensible perspiration, which leads to a diuresis im- 
vediately before or during the actual attack. Although foods with a high 
urine content should be avoided, no radical change in diet produces any 
larked amelioration, according to these observers. Conservative dietary 
recautions, based on the older theories, call for a diminution of total caloric 
itake of from 10 to 15 per cent, with low protein and low fat, to reduce the 
atient’s weight and keep it reduced, a purine-free diet, and a long continu- 
nee of this regimen. 

Circulatory Disturbances.—Dietary measures may be of considerable value 
1 disorders of the heart and blood vessels. Obesity is a major obstacle in 
reating heart trouble. According to McLester, the disadvantages of obesity 
ay be fourfold. First, even when the heart is unimpaired, a large body mass 
uts an abnormally great strain on the heart. Second, in obesity there fre- 
uently occur fat deposits upon and between the cardiac muscle bundles de- 
easing the heart muscle efficiency. Third, abdominal fat may impede the 
ovement of the diaphragm, and this in turn affects the heart movements. 
inally, arteriosclerosis, which often accompanies obesity, may invade coro- 
ry vessels and in that way directly affect the blood supply of the heart. 
ecordingly, cardiac patients are usually advised to reduce their weight to 
rmal or slightly below. As in all reducing regimens, this must not occur too 
ickly. A plentiful supply of vitamins, particularly the B complex and C, . 
ould be assured and the protein should be adequate. In arteriosclerosis and 
hypertension, much the same dietary advice is given, stressing moderation 
d, perhaps, mild undernutrition. 

The relationship of cholesterol to atherosclerosis, a form of arteriosclero- 
, is discussed on page 467. Some physicians advise low cholesterol diets 
this condition, while others believe such diets are of little value unless the 
olesterol content can be brought to an extremely low value. In familial 
ercholesteremia, however, low cholesterol diets are useful. In Table XXX 
e given the cholesterol concentrations of a number of typical foods. These 
e all of animal origin; plants contain no cholesterol. 

Hynertension.—Despite the general opinion to the contrary, protein foods 
not cause an elevation of blood pressure. Consequently they do not need 
be reduced in the diet in hypertension unless there is serious kidney impair- 
ent at the same time. The preference for white meats over red meats also 
ems to be without foundation. The question of salt restriction in hyper- 
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TABLE XXX 
nP 
CHOLESTEROL CONTENT OF Foops* 5 
CHOLESTEROL CHOLESTEROL 
(MG. PER 100 GM. (MG. PER 100 GM, 
FOOD FRESH MATERIAL ) FOOD FRESH MATERIAL) 
Bacon 38-78 Fish 21-95 
Beef 38-78 Kidney 20-3,400 
Brain 2,130-3,700 Liver 130-3,400 
Butter 185-340 Milk, cow’s, whole 12 : 
Cheese 42-88 Milk, cow’s, skim 2 
Chicken 59-527 Oysters 215 ; 
Egg, whole 240-490 Pancreas 3,120 z 
Egg, yolk 1,180-2,150 . Pork 46-48 i 
Fats (lard, suet) 100-350 | Veal 84-88 





*Data from Twiss, J. R., and Greene, C. H.: J. A. M. A. 101: 1841, 1933; Cook, Ro oH 
Nutrition Abstr. & Rev. 12: 1, 1942; Okey, R.: J. Am. Dietet. A. 21: 341, 1945; Mann, G. ye: 
J. Am. Dietet. A. 25: 389, 1949. oo 
tension is controversial, but there seems to be increasing evidence that a dras- 
tie reduction in sodium intake is beneficial (Chapman and Gibbons). The s0- 
called ‘‘rice diet’’ therapy has been proposed by Kempner, who finds a favor- 
able influence in a fair percentage of cases of hypertension. The diet consists 
of rice, fruit, and sugar, with little else, except vitamin supplements, and 
essentially is a low protein, low salt regime. It would appear dangerous to 
restrict proteins drastically for too long a time. A more palatable and ae: 
ceptable diet is recommended by Ornstein. By a judicious selection of foods: 
low in sodium (see Table LIIT), and by removal of salts by water extraction 
and by dialysis, a diet extremely low in sodium, but not low in proteins, is 
achieved. Water-soluble vitamins must be added. The results have been very. 
favorable. . 

Diabetes Mellitus—For our present purposes we may say that this is @ 
condition in which carbohydrate, arising from whatever source, is not utilizeé 
by the body. As a result, the glucose of the blood rises and may ‘‘spill over” 
into the urine. Treatment consists in diet alone, or diet plus insulin, the hors 
mone which has a regulatory effect upon the level of blood sugar. If a diet 
can be arranged which will keep the blood sugar at or near the normal level: 
and will at the same time provide sufficient calories and protein, no insulin ig 
needed. The amount of carbohydrate which 1 ‘‘unit’’ of insulin will aid the 
body to handle varies with the individual, but it is about 1 to 3 Gm. There 
are various systems of adjusting diabetic diets. The Sansum diet is high carbo | 
hydrate, low protein, and low fat ; the Newburg diet is high fat and low carbo 
hydrate. Joslin advocates protein at a normal level, carbohydrate somewha 
low, and fat moderately high. In planning these diets the patient must b 
taught the use of food tables, how to weigh his diet, and the calculations i 


volved. Many patients administer insulin to themselves and become adept ili 
managing their therapeutic regime. . 
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difficult one. The extraction of potassium from food is likely to result in a 
tasteless meal which the patient will not eat. Vegetables should be specially 
cooked in salt (NaCl) water. The NaCl will diffuse into the vegetables and 
the potassium salts will go out into the cook water because the latter has a low 
potassium concentration. This fluid is then discarded. Since the water-soluble 
vitamins are lost along with the potassium salts, provision must be made, of 
course, for the addition of the appropriate vitamin supplements. A similar pro- 
cedure is used for meats, which are first placed in parchment bags. By these 
methods the potassium content is reduced to one-third or one-fourth its original 
concentration. Foods to be avoided are soups and broths containing meat stock 
or meat extracts, gravies (except those prepared by a special method), catsup, 
chili sauce, mustard, dried fruits and vegetables, nuts, peanut butter, molasses, 
caviar, chocolate, cocoa, postum, and spinach. (Victor. ) 


Epilepsy.—In recent years a ketogenie diet has been advised in the treat- 
ment of epilepsy, because it was found that an acidosis tends to lessen the num- 
ber and the severity of the seizures. The ketone bodies arise when the fatty 
acids are incompletely oxidized, and when this occurs to an excessive degree 
acidosis of more or less severity results. (See Chapter 17.) A ketogenic diet is 
one high in fats and low in carbohydrates. The protein requirement is said to be 
higher than normal on such a diet and 2 Gm. of protein per kilogram of body 
weight are recommended. Since the tendency to retain water is regarded as one 
of the factors in producing seizures in epilepsy, the total water intake should be 
somewhat restricted and for the same reason the salt in the food should be 
held at a low level. Even with a high quota of protein, the ketogenic diet 
is unpalatable and difficult to take. The large amounts of fat may be nauseat- 
ing if the full diet is suddenly given. It is therefore best to change the diet 
gradually and, once it is in effect, it should be tried for a long time before 
good results are to be expected. (Keith.) 


Fevers.—In fevers metabolism is increased. DuBois calculates the total 
ealoric requirements in fever by adding 13 per cent’ of the normal basal 
metabolic rate for the individual for every degree of fever. To this is added 
an additional 10 per cent if there is much extra protein catabolism, as there 
usually is in most fevers, and from 10 to 30 per cent for the restlessness of the 
patient. It is thus seen that the caloric needs of a febrile patient may be very 
high indeed. The diet therefore should be high in carbohydrates to provide 
for much of this metabolic need, to spare proteins so far as possible, and to 
aid in combating acidosis. Proteins should be sufficiently high to maintain the 
patient in nitrogen equilibrium. Fats should be normal in quantity and of a 
type easily digested. In fevers an alkaline-ash diet is preferred as a further 
safeguard against acidosis, and additions of sodium chloride to the diet will 
make good the losses of salt in perspiration. 

Preoperative Diets.—A good nutritive condition is a great asset before an 
operation. If an operation can be anticipated the surgeon will exercise every 
eare to build up his patient. If, just prior to an operation, the diet is re- 
stricted in bulk, it will serve the same purpose as the old-fashioned purge 
which both weakened the patient and drained off some of his much needed 
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body water. Fluids and carbohydrates, sugar candy for example, are given in 
fairly large amounts on the preceding day and no food after the evening meal 
if the operation is in the morning, because an empty stomach at the time of 
operation is essential. Postoperative diets will depend upon the type of opera- 

tion, condition of the patient, ete. 

Parenteral Feeding.—The intravenous administration of amino acids is 
discussed on page 405 in some detail. Carbohydrates, vitamins, and salts can 
also be given intravenously, but an adequate caloric ration cannot be supplied 
from the amount of amino acids and carbohydrates which it is possible to in- 
ject. The substitution of invert sugar for glucose is said to be advantageous. 
Twice as much can be administered per hour, probably because of the more 
rapid utilization of the fructose portion or because of a catalytic influence of 
the fructose on the glucose portion. (Weichselbaum; Corkill and Nelson.) 
Nevertheless, it is evident that fats must be included because of their high 
caloric value, and recently they have been used safely after numerous animal 
experiments. The preparation of a suitable emulsion has been a difficult prob- 
lem. , Various stabilizers have been employed to maintain extremely fine emul- 
sions for hypodermoclysis, as well as for intravenous administration. (Wad- 
dell; Shafiroff.) Fat, labeled with radioactive carbon atoms and emul 
sified, had previously been shown to be converted into CO, after intravenous 
injection into rats. The C140, was discovered in the expired air. This indi- 
cated that not only is intravenously administered fat safe, but it is definitely 
utilized. (Geyer; Lerner.) It is probable that mixtures of amino acids, glu- 
cose, ete., with such emulsions will eventually provide balanced intravenous 
““meals’’ for persons unable to be fed orally. 


Unbalanced and Incomplete Diets 


Too much emphasis cannot be placed on the possibility of improper diets 
being chosen and administered for long periods of time, because only the 
patient’s predominant symptom or ailment is considered. This has been men- 
tioned several times in various connections. It should be remembered that in 
liquid diets a few foodstuffs are likely to predominate. If such a diet is 
continued unduly, the patient is likely to ingest an unbalanced supply of amino 
acids and convalescence would thereby be prolonged. Consequently, care 
should be taken to vary the protein constituents. Monotonous, one-sided diets 
are sometimes seen in poorly managed institutions for orphans, the mentally 
deranged, or prisons. Other practices lead to nutritional upsets. Among these 
are the use of large volume of saline infusions with a tendency to wash out 
the body’s supply of water-soluble vitamins and the administration of exces- 
Sive amounts of mineral oil leading to loss of fat-soluble vitamins. 
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Chapter 14 
PHYSIOLOGICAL OXIDATIONS 


General or external respiration involves the inspiration of oxygen from 
he air and its transportation by the blood stream to the tissues. It further 
icludes the various mechanisms which permit large amounts of carbon dioxide 
0 be carried to the lungs where it is eliminated (Chapter 20). In the tissue 
apillaries oxyhemoglobin dissociates, transferring a portion of its oxygen to 
eceptors present in the tissue juices and in the cells. The actual utilization 
f oxygen and the production of carbon dioxide and water then take place in the 
iverse processes of cellular or internal respiration. In the course of these re- 
ctions there occur energy exchanges, which are just as vital as the purely 
hemical reactions of oxidation and reduction. Both types form the subject of 
ne present chapter. They are introduced here because the reactions described 
re involved in the intermediary metabolism of proteins, carbohydrates, and 
pids, which are considered in subsequent chapters. 


OXIDATIONS 





The term ‘‘oxidation’’ is applied to protoplasmic oxidations in the same 
nses as in nonvital oxidations—i.e., combination with oxygen or removal of 
ydrogen—in any case, a loss of electrons. In some of the complex reactions 
e transfer of electrons may be difficult to express, particularly in our present 
ate of knowledge. It is perhaps unnecessary to remark that every oxidation 
ust be accompanied by a reduction. It might also be pertinent to note that, 

Gerard has pointed out, oxidation in itself cannot be a source of energy. 
xidation involves an increase in valence, i.e., a removal of electrons, which 
quires energy. It is the concomitant reduction that yields energy because 
ith reduction there is an addition of electrons. However, since every oxida- 
on is accompanied by a reduction, it amounts to the same thing and it also 
ay be stated that oxygen ranks high as a hydrogen acceptor. 

Now, although not all oxidations involve oxygen, nevertheless oxygen is a 
tal requirement. Anaerobic organisms may and do perform oxidative reac- 
ons in the absence of oxygen and even aerobic organisms are able to do so 

der some circumstances. However, a human being cannot live in an oxygen- 
ee atmosphere for more than about three minutes. It is probable that most, 
not all, human tissues require oxygen for the completion of their vital oxida- 
ons, even though the intermediate stages may go on in its absence. 

The reactions taking place.in cellular respiration are known as ‘‘physio- 
gical oxidations.’’ It must be remembered that molecular oxygen is in- 
pable of oxidizing physiological substances outside of the body at body tem- 
rature except to a very slight extent. Within the body such oxidations are 
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occurring constantly. It is therefore evident that the body must possess means 
for making such reactions possible at such low temperatures. The two prob- 
lems before us are (1) how the cell brings about oxidation of its substrates at 
the low temperature of the body and (2) how the energy derived from the oxida- 
tion of this substrate is utilized before being dissipated as heat. These are 
complicated reactions, many of them ‘‘chain reactions,’’ of such a nature that 
the oxidations are controlled. In this way the energy evolved may be used 
physiologically. 


Energy Relationships 


The degradation of biological substrates in the living cell by the process 
of physiological oxidation involves changes in which compounds of higher 
levels of energy go to products having lower levels of energy. This difference 
between the energy levels of the substrates and their products is termed the 
free energy of the reaction and is indicated by the symbol AF. Reactions that 
yield energy are termed ‘‘exergonic’’ and are thermodynamically spontaneous. 
Such reactions are generalized under the term ‘‘catabolism.’’ However, a 
reaction, which may be thermodynamically spontaneous, may not occur by 
itself at any appreciable rate. There is the so-called energy of activation; 
which is interposed between the initial and final states. It is the catalytic 
intervention of enzymes that makes possible the multitude of reactions at the 
rates which are seen in biological systems. 


ce 


Chemical reactions that require the addition of energy for their occurrence 
are termed ‘‘endergonic’’ and are representative of anabolic reactions. If 
should be kept in mind that the catabolism, or breaking down, of physiologieah 
substrates has as its prime purpose the maintenance of anabolic reactions, as 
typified in growth and in the performance of biological work. Such ender: 
gonie reactions must, of course, be driven by the utilization of part of the 
energy of an exergonic reaction. The only mechanism available for such @ 
transfer of chemical bond energy from one reaction to another is by the 
utilization of a common reactant of both reactions. Consider Reactions I and Ill 
where K = the equilibrium constant and AF = the free energy change bes 
tween the initial compound and its product: 


I. A = B (K, = 0.01, AF = 2470 eal.) 
II. BC (K, = 1000, AF = -4110 cal.) 







Since Reaction I is endergonie, it will proceed to the left unless the concentra 
tion of B is less than 1 per cent of the concentration of A. However, sine 
Reaction IT is exergonie, it will proceed to the right until the econcentratio 
of B is less than 0.1 per cent of C. Thus, B will be removed from the couple 
reactions as fast as it is formed from Reaction T. Consequently it becomes 
possible for Reaction I to proceed to the right. Energetically, the over-all r 
action A = C may be considered in terms of the K values and the AF values: 
that is, 
K = .Ksk, == (0.01) (1000) — 10 
and AF = (2470 — 4110) = -1640 eal. 


. 
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thus the reaction proceeds to the right until the concentration of © is ten 
imes that of A, and it is a net exergonic reaction. Another principle, demon- 
trated in this typical example, is the relationship between the endergonie, or 
riven, reaction and the exergonic, or driving, reaction. The driven reaction 
nust precede the driving reaction. 

In biological systems, phosphate compounds occupy the unique position 
f being the common reactant in a multitude of reactions. Most particularly 
s this function seen in adenosine triphosphate and other high energy com- 
ounds. These will be discussed later in this chapter. 


Terminology.—The biochemical agents involved are enzymes, coenzymes, 
nd hydrogen acceptors or carriers. Those enzymes which act on the substrate 
nd make possible the removal of hydrogen from it are called dehydrogenases, 
nd those which act on oxygen and cause it to take part in an oxidative chain 
re termed oxidases. These enzymes are rather specific; there are many de- 
ydrogenases and a number of oxidases. Hydrogen carriers or acceptors are 
lefined as compounds which, by virtue of their ability to be oxidized and re- 
ced, function in the transport of hydrogens or electrons from tissue metabo- 
ites to oxygen or some other oxidizer. In general they are also of a complex pro- 
ein nature but are characterized by particular prosthetic or active groups which 
hake possible their specific functions. Certain coenzymes, namely, coenzyme I 
nd coenzyme II, which will be discussed more fully later, are dissociable from 
heir protein enzyme fractions but cannot function independently as carriers. 
Methods of Study.—Since the respiration of tissues involves the utilization 
f oxygen, either immediately or eventually, it is natural that the primary 
ethod of evaluation of such activity should involve a direct measurement of 
ygen uptake. The development by Warburg of a microrespirometer pro- 
ded the basic tool for investigation in this field. While many variations of 
s instrument have been devised, the techniques originally described by him 
e still widely used. Fig. 43 is a diagram of this instrument. 

In general, measurements may be made on three main types of test mate- 
als: (1) tissue slices, (2) tissue homogenates (fine minces), and (3) isolated 
mponents of the enzyme systems to be studied. Certain intrinsic limitations 
ist in each of these test materials. The purer the chemical system under 
udy, the less one may infer as to the direct participation of the system in in- 
et tissues, while the results obtained with tissue slices often fail to disclose 
e complexity of the enzyme systems involved, since one sees only the end 
sults. 

Investigation of the dehydrogenase activity of tissue slices, homogenates, 
isolated enzyme systems has also been accomplished by means of the Thunberg 
ehnique. Here measurements are made of the rate of anaerobic decoloriza- 
n of methylene blue. The methylene blue functions as a hydrogen acceptor, 
d the velocity of its reduction is thus a measure of the activity of the re- 


















iratory enzymes. 
More recently, tetrazolium salts have been employed to measure dehydro- 


nase activity of tissue slices and homogenates. The tetrazolium salts are 
ter soluble and essentially colorless. By means of dehydrogenase or flavo- 
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Fiz, 43-The Warburg constant volume manometer, F, Flask; S, sidearm; G, sidearms 
stopper with gas vent: C, center well (for alkali) ; M, manometer proper containing a liquid! 
of known density; R, fluid reservoir, which, by adjustment of the screw clamp, permits of al-/ 
teration of the level of the fluid in the manometer; 7, three-way stopcock. The scale of the 
manometer is graduated in centimeters and millimeters. , 


The principle involved is that, if the volume of a gas is held constant at constant tem- 
perature, any changes in the amount of gas can be measured by measuring changes in th 
pressure. In this apparatus, for example, if it is desired to determine the oxygen uptake of: 
tissue, the tissue is placed in the flask F. The sidearm S is provided so that a given reagent 
can be added during the course of the experiment. The flask has a center well, C, which con-- 
tains alkali; this absorbs any COz formed during the experiment. After introducing the tissue 
Suspended in saline, and the special reagent, the entire system is filled with oxygen, and th 
flask is immersed in a water bath at constant temperature. Readings are taken at regular 
intervals, and between readings the system is shaken to promote a rapid gas exchange between 
the fluid and the gas phase. As oxygen is absorbed by the tissue, the level of the fluid in the 
manometer will change and the amount can be determined by suitable calculations. (From 


Umbreit, W. W., Burris, R. H., and Stauffer, J. -: Manometric Techniques and Related 
Methods for the Study of Tissue Metabolism, Minneapolis, Minn., 
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1945, Burgess Publishing Co.) 
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mrotein activity, they are reduced to colored water-insoluble formazans. The 
ntensity of such enzymatie activity may be determined by the extraction and 
olorimetric measurement of the formazan, giving one the amount of tetra- 
lium reduced per milligram of tissue. This procedure also allows of a unique 
isualization of the intracellular localization of such activity by microscopic 
xamination of frozen sections of the tissues. (Black and Kleiner.) 


Cellular Localization of Enzyme Activity—Investigations in this field 
lave employed histochemical and ultracentrifugation techniques. The former 
echniques demonstrate a cytoplasmic localization for eytochrome oxidase, 
eroxidase, and dehydrogenases. Further, in many instances the activity ean 
e seen to be associated with the large granular or mitochondral fractions of 
he cell. These findings are confirmed by the study of isolated cellular com- 
onents obtained after centrifugation. In addition, it has been shown that 
he enzymes concerned with glycolysis are not associated with particulate 
ractions and reside largely in the soluble cytoplasmic fraction. The particu- 
ate fraction is also the site of the enzymes of pyruvate and fatty acid oxida- 
ion as well as of those concerned with phosphate esterification during bio- 
ogical oxidation. 

The mitochondria, sometimes termed the large granular fraction, appear 
p be the major site of activity involved in the terminal stage of electron trans- 
ort and oxygen activation. In appreciation of their importance in cellular 
petabolism, Claude has described the mitochondria as intracellular power 
lants. From the standpoint of chemical composition and structure, the mito- 
hondria are asymmetric structures which contain about 25 per cent of the 
entosenucleic acid of the cell, in the case of the liver. They show osmotic 
tivity but are not simply small vacuolar osmometers since they can be shown 

possess an internal granular structure on electron microscopy. They also 
ntain a considerable amount of phospholipid. It should also be noted that 
etors of intracellular tonicity may influence enzymatic activity associated 
ith the mitochondria. Thus the functional integrity of various enzyme sys- 
ms, particularly the cyclophorase system, is dependent upon the structural 
tegrity of the mitochondria. 

It is significant to note that synthetic (anabolic) as well as degradative 
actions are also associated with mitochondrial enzymes. This occurrence of 
nthetie and oxidative enzymes in the same structural unit, where exothermic 
actions are required to drive endothermic ones, is a remarkable phenomenon. 
striking example of the significance of this organization is found in oxida- 
e phosphorylation, which occurs only in intact mitochondria, and is lost on 
ruption or isolation of the components of the reaction. 

The microsomes also contain phospholipids, proteins, and the highest 
ealized concentration of ribose nucleic acid. However, they do not exhibit 
y great degree of enzyme localization. The supernatant fluid of ultra- 
ntrifugal preparations contains proteins, “‘soluble’’ enzymes, and smaller 
ounts of ribose nucleic acid. The nucleus, so significant in genetic con- 
erations and in chromosomal mechanics, is relatively poor in enzymes, with 
e possible exception of phosphatase. 
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RESPIRATORY ENZYMES AND CARRIERS 
Hydrogen Activation 


We owe the advancement of the hypothesis of hydrogen activation to 
Wieland. In hydrogen activation, a very common phenomenon, the organic 
substance to be oxidized is acted upon by a dehydrogenase in such a way that 
the hydrogen atoms within its molecule become capable of being transferred, 
It is oxidized by dehydrogenation and the hydrogen removed is simultaneously 
taken up by a suitable oxidizing agent or even by molecular oxygen. Another 
conception of dehydrogenation is that the metabolite together with the hydro- 
gen acceptor is adsorbed on the dehydrogenase (protein) molecule in such a 
way that the hydrogen passes from the metabolite to the hydrogen acceptor, 
The oxidized metabolite and the reduced carrier then separate from the de- 
hydrogenase and the process can be repeated with another set of metabolite 
and carrier molecules, the dehydrogenase being used over and over again. 

There are many of these dehydrogenases, apparently quite specific as to 
the substrates from which they remove hydrogen. For example, the oxidation 
of acetaldehyde to acetic acid may be accomplished in this manner: 


CH, CH; 
CH, | /ou Dehydrogenase | 
PA tha Ol 2 at) ———— COOH + |2H|— Removed by 
‘eat | \OH atmospheric 
\H H oxygen 
Another instance: 
R 
i é 
bx, Hf 
| Dehydrogenase —NH 
nS —— + |2H|—> Removed by 
COOH atmospheric 
COOH oxygen 
| H—OH 
a-Amino acid 
R R 
| | 
CH, CH, 
barat ies beove 
| NH, | 
COOH COOH 


Both of the above are illustrations of oxidations by dehydrogenation. It 
should also be noted that in both cases there is actually more oxygen in th 
end products, although neither molecular nor activated oxygen is introduced: 


Oxygen is eventually required because the hydrogen must at some stage be 
oxidized to water or to hydrogen peroxide. 


The Coenzymes 


By definition, coenzymes are dialyzable, heat-stable, organie compounds 
necessary for the functioning of enzymes. In essence they are the free pros 
thetic groups of the enzymes, The coenzymes of importance in physiological 
oxidation reactions are the phosphopyridine nucleotides and coenzyme A. Th 
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itter will be discussed later. The phosphopyridine nucleotides have the gen- 
‘al structure: 


Nicotinic acid-amide-d-ribose 


Phosphoric acid (2 or 3 molecules) 


Adenine-d-ribose 


oenzyme I has two phosphoric acid molecules and is known as DPN, or cozymase. 
s structural formula is given below. Coenzyme II is the triphosphorie deriva- 
ve and is often called TPN for triphospho-pyridine-nucleotide. The position 
the third phosphoric acid in coenzyme II, as proposed by Kornberg and 
ricer, is indicated by the asterisk (*) in the formula for coenzyme I. 














H 
H | 
Cc N == C —— 1 
\ Adenine 
Hed C—CONH, ’ =——(J——C 
Nicotinic acid || | | | | 
amide HC CH we va NH, 
pees 
N@ ; 
al HC 
bon | 
HUOH | HC*OH 
D-Ribose | O ( O _p-Ribose 
HCOH | HCOH 
He O O Ho 
l| | | 
bu.o P—O—P—O—CH, 





| | 
0G OH 
Phosphoric acid 
(2 molecules) 


Cozymase (Coenzyme [) 
(Diphospho-pyridine-nucleotide ) 







ese nucleotides, then, consist of the purine, adenine; 2 molecules of the pen- 
e, d-ribose; 2 or 3 phosphoric acid molecules: and nicotinic acid amide. 
is the nicotinic acid amide which imparts to the nucleotide its important 
ersible oxidation-reduction activity; that is, it is the hydrogen carrier part 
this huge molecule. It may be shown in the following way: 


H 
rs o 
rd 
ae \G_conu, 42H HC C—CONH, 
| 7 | d 
H ber ss HC H, 
Oe f -2H rere 
N+ 
a F HO JOR 
| “Ox OB Pe 
R—O—P=O —O—P=0 


ong the metabolites requiring coenzyme I are the salts of lactic acid, malie 

id, and beta hydroxybutyric acid; alcohol; and glyceraldehyde diphosphate ; 
: . . 

ile glucose and glutamates use either coenzyme I or II. 


4 
. 
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These coenzymes cannot act independently but require suitable protei 
enzymes, or dehydrogenases. It is also to be noted that, for the most part, th 
dehydrogenases cannot act independently of the coenzymes. Little is know 
of these protein factors except that they exist and are essential. Functionalh 
the coenzyme oscillates between the oxidized and the reduced state acceptins 
the hydrogen of the substrate (metabolite) and transferring it to a flavoprotein 
such as the yellow enzyme. 


Flavoproteins 


This is an interesting group of compounds which act as dehydrogenase: 
and hydrogen carriers. They have been called ‘‘yellow enzymes’’ because they 
contain a yellow compound, flavin, identical with riboflavin. Attention to thi: 
group of substances came with the discovery of a yellow oxidation enzyme by 
Warburg and Christian. Since then, numerous other oxidative enzymes pos: 
sessing flavin groups have been demonstrated. The list of such enzymes in 
cludes xanthine oxidase, diaphorase, p-amino acid oxidase, fumarie dehydrogen: 
ase, and cytochrome ec reductase. Each of these is composed of a specific proteir 
united with the prosthetic group, flavin. In the ease of the ‘‘old’’ yellow en: 
zyme and of cytochrome ¢ reductase, the flavin exists as a mononucleotide, whil 
in the others it is found as a dinucleotide. 


The mononucleotide form may be represented thus: 
Tsoalloxazine — p-ribitol — phosphorie acid 
It is shown below in structural form, linked by the phosphoric acid moleeuld 
to the specific protein which gives it its protein character. Note that the re: 
actions with hydrogen occur via the nitrogen groups. 
O oO 


| | 
H,—C—O—P—Protein H,—C—O—P—Protein | 


no—_H bn 
HO¢_H 
TlO—C—H 
‘i Ht 


H,C—C 
| 
H,C— © | 


| I 
H O 


Oxidized flavoprotein 
(Yellow enzyme) 


C N N 
i rr fein oe 
G C c=0 


C N 
No NER 
C N C 


Ho_O_H bu 
nod 


HO-4_H 


H H—C—H H 
| | 
Cs 7 oN 


N 
BP fa Or 


Q 
Q 


C= 


Reduced flavoprotein 


The dinucleotide may be represented as follows: 


Isoalloxazine — pb ribitol — phosphate — phosphate — p-ribitol — adenine 
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An example of the functioning of these agents is as follows: 
The dehydrogenase activates certain hydrogen atoms of the metabolite 
and the coenzyme accepts them 


MH, Dehydrogenase + Coenzyme 
Metabolite ———____________"__, Coenzyme-H, + M 


and immediately transfers them to the flavoprotein, Y : 
Coenzyme-H, + Y -— >» Coenzyme + YH, 


For regeneration of the reduced flavoprotein only atmospheric oxygen is 
necessary : 
¥H, + 0, “=. Yo +. .HQO, 

It should be noted that the first reaction indicates the main oxidation ; 
.€., the oxidation of the substrate. However, it cannot proceed in the absence 
of the second. The third brings the yellow enzyme back to its original state. 

An example of oxidation by the flavoprotein system is to be found in the 
yxidation of hexosemonophosphorie acid to phosphohexonie acid. Indicating 
ynly the reacting group: 


O Sai O 
R—0f + H--OH —-> r—cOOH > R—c7 
H \r mr \oH 
ell + 
+ 
Coenzyme Coenzyme-H, 
In this system we have two vitamins as essential factors, nicotinic acid 





mide (niacin) and riboflavin, which are parts of the molecules of the coenzyme 
nd yellow enzyme, respectively. 


The Cytochromes 


The third type of oxidation reaction is exemplified by the eytochrome 
stems. In 1925 Keilin discovered that there were widely distributed in 
imal tissues certain hemochromogens which he called cytochromes. These 
mbinations of heme and proteins have characteristic absorption spectra dif- 
ring from those of hemoglobin and its derivatives and are designated as 
a,’’ ‘‘b,’’ and ‘‘e.’’ Cytochrome ‘‘c’’ is the one which has been most care- 
lly studied. It is present in largest amounts and has been isolated in a rela- 
vely pure state. The existence of the other cytochromes has been indicated 

their characteristic absorption spectra. Chemically cytochrome ¢ is a heme- 
otein with the heme residue united to the protein by a thio-ether linkage. 
aracteristic absorption bands are found in the visible spectra at 5507, 5223, 
d 4150 A for reduced cytochrome ec, while oxidized cytochrome e gives two 
ffuse bands at about 5300 and 4000 A. 

Cytochrome c’s isoelectric point is at pH 9.86, and it contains between 

4 and 0.43 per cent of iron. But perhaps most significant from the point 
view of the functioning of the oxidation-reduction chain is the fact that 
om this stage on hydrogen is no longer transported, but instead the changes 
volve electron transfer. Thus, while the electrons of the substrate are de- 
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livered to oxygen in a continuous chain, the hydrogen ion may enter or be 
withdrawn at several places in the chain. Furthermore, the components of 
the chain may be classified as to their ability to transfer electrons. The cyto- 
chromes ean transfer but one electron per cycle of oxidation and reduction of 
their prosthetic group, while the flavoproteins and pyridine nucleotides can 
transport two electrons per cycle. 

Recent work on cytochrome a and cytochrome b indicates that they are 
mixtures and that at least fractions of b and a are associated with cytochrome e 
reductase and cytochrome oxidase, respectively. The cytochrome chain would 
consequently function in the order b-c-a. 

A dehydrogenase first activates the hydrogen atoms in a metabolite. These 
are then accepted or carried by another carrier, such as flavoprotein, to cyto- 
chrome. The reduced cytochrome may then be reoxidized by eytochrome oxidase 
and is ready to accept more electrons. 

Cytochrome Oxidase.—Cytochrome oxidase has been shown to be identical 
with ‘‘Warburg’s respiratory enzyme.’’ It is found in practically all forms — 
of life and the reduced form gives rise to water in its capacity of reducing - 
oxygen so that the latter may combine with hydrogen atoms. It is apparently | 
associated quite firmly with granular constituents of the cytoplasm and thus: 
far has not been obtained in solution. There is reason to believe that it con-- 
tains an iron atom which ean oscillate between the ferrous and ferric state: 
with reduction and oxidation. 

The various specialized enzymes and carriers function in a sequential man-- 
ner in the oxidation of intracellular substrates. An analogy to a ‘‘buecket bri-- 
gade’’ has been made to show that each reaction is dependent upon all the pre-- 
ceeding ones. Dehydrogenation is probably the most common type. The: 
metabolite is first dehydrogenated and the hydrogens or electrons, or both, are? 
passed along from one compound to another. Finally, a system is reached whieht 
involves the acceptance of hydrogen by molecular oxygen. Thus, the metabolite ® 
is oxidized by dehydrogenation but ultimately oxygen is required for the con-- 
summation of this reaction. Several such chains are known and are being ac-- 
tively studied. An example of one such complete hydrogen transport system, in} 
which a number of the reactions already described will be recognized, is shown 
as follows: 


q Dehydrogenase Reduced Cytochrome Cytochrome 
Metabolite + flavoprotein C oxidase 
MH, Coenzyme-H, YH, (Fe**) (XFe*+) H,0 


2H 2H € € 


Sn Sa ee See eee 
———_ |} | <— 


Oxidized Dehydrogenase ' Flavoprotei Cytoch y , 
metabolite ae Yoon tea) em ae ge 
M Coenzyme | (Fe*++) (XFe+++0,) 





Schematic representation of the hydrogen transport mechanism for metabolites whi 
require coenzyme I or coenzyme II. The horizontal arrows represent the path of hydroge 


or electrons. All reactions, except the last vers Todi , 
Medicine 19: 441, 1940.) , p , are reversible. (Modified from Potter, V. BR. 
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n this scheme only one cytochrome, cytochrome ¢c, is shown, but it is possible 
hat all three known cytochromes are linked together in an electron transport 


thain and operate in a system such as this. The sequence in the chain appears 
0 be cytochrome b, ¢, a. 


The various types of oxidizing systems outlined should not be considered 
nflexible categories. They are likely to be changed as our knowledge in- 
reases. Already it is known that some of the enzymes depend upon carriers 
vhich may he so closely linked to the enzymes that it is difficult to determine 
vhether they are part of the enzyme molecule or not. It is evident that all the 
nolecular oxygen that enters any biological oxidation appears as H.O. 


Other Possible Agents 


Mention should be made of certain compounds which possess the ability 
0 be reversibly oxidized and reduced but which have not been shown to have 
ny direct relation to the respiratory chains. 


One very interesting reversibly oxidizable substance is glutathione. This 


ubstance, discovered by Hopkins, was found by him to be a tripeptide, 
‘lutamyleysteinylglycine. 





COOH 
Grom, 
bx, COOH 
bs, He2O cu, 
o¢ —nn—t_t__ br 
| dase 
Glutamic acid Cysteine Glycine 
Glutathione 


Since the sulfhydryl grouping, —SH, is the effective part of the molecule, 

e formula is usually abbreviated to G-SH, the G, of course, representing 

ll the rest of the molecule. Two of these molecules on oxidation are linked 

t the sulfur of each, yielding one huge molecule, just as two cysteine mole- 

les may be joined to form a single molecule of cystine. The reaction may 
e indicated in this way 


2G-SH + %O, — GS-SG + H,O 


r in slightly alkaline solution it reacts with molecular oxygen. There is also 
e possibility that it may oxidize and reduce substances (metabolites or other 
rriers) according to the following reversible scheme: 

GS-SG + MH, = 2GSH + M 


Oxidized Reduced 
glutathione glutathione 


Glutathione is present in many body tissues and fluids. It was at first 
ought to be an extremely important oxidation-reduction agent. At the pres- 
t time its role is quite uncertain. It apparently does not depend on any 
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enzyme for its activity but is dependent on traces of iron or copper. Although 
reduced glutathione is oxidized with great rapidity in tissues, it exists there 
for the most part in the reduced state. The reason for this is that it is reduced 
faster than it is oxidized. The reduction is not brought about by enzymes, 
Washed boiled muscle tissue will still reduce oxidized glutathione. The hy- 
pothesis has been advanced that this reduction is brought about by the -SH 
groups of the tissue proteins. Thus the tissues in general always have reduced 
glutathione present. This serves to maintain ascorbic acid in its reduced form 
in the tissues. In the same way it maintains those enzymes which possess —-SH 
groups in their reduced form. These include many important ones involved in 
carbohydrate, nitrogen, and fat metabolism (Barron and Singer). No doubt 
other functions of glutathione will be discovered. It now is known to have 
other functions than oxidative ones. It is an activator of cathepsin and is also 
a coenzyme for glyoxalase. Thus it has an auxiliary oxidative function. 

Ascorbic acid, vitamin C, is an extremely active reducing agent. This may 
easily be demonstrated in vitro and, in fact, this property is used in the quan-. 
titative determination of ascorbic acid in foods, in blood and tissues, and in: 
excretions. It may act as a hydrogen carrier, giving its hydrogen to oxidized | 
glutathione, for example, and in the oxidized state receiving hydrogen from! 
reduced glutathione: | 








7 ° 
V4 
Cae £ 
a 
HO—C - 2H ox 
|| O + GS-SG | 
HO—C ——————> O=C 
hee | Sa te eas 
ae, + 2GSH H—C——— 
HO—C—H Hob 
| | 
CH,OH CH,OH 
Ascorbie acid Dehydro ascorbie acid 


The exact role of ascorbie acid in oxidations in the body cannot be stated! 
as yet. However, the fact that its presence in the diet is essential and that a? 
high concentration exists in the adrenal cortex would indicate that it is of 
importance physiologically. It may be a factor in the conversion of heme tot 
bile pigments, since it has been said to cause the transformation of hemoglobi 
to choleglobin, a biliverdin-protein complex. This is probably the first ste 
in bile pigment formation. (Lemberg. ) 


It may also be involved in the metabolism of tyrosine, Artificial alkapto 
nuria in guinea pigs results when they are on a diet deficient in vitamin 
but containing an excess of tyrosine. The subsequent administration of ascorbi¢ 
acid reduces and even abolishes the output of homogentisic acid. Although 
ascorbic acid does not have the same effect in alkaptonuria in man, prematur 
infants excrete p-hydroxyphenylpyruvie and p-hydroxyphenyllactie acids 1 
the urine if vitamin C is not present in sufficient amounts in the diet. (Levine.) 


PHYSIOLOGICAL OXIDATIONS 353 


The importance of thiamine has been stressed in Chapter 12 and some 
count of its actions in oxidative phenomena mentioned. As the pyrophos- 
late it appears to be a coenzyme for several enzymes, among which are a 
Tuvate-oxidase, a pure carboxylase, and a dehydrogenase-carboxylase. Whether 
not thiamine always acts by the same mechanism is not known. 


Peroxidases and Catalases 


In the end reaction of some of the chains, which have been described, the 
ygen has been shown to unite with the hydrogen to form hydrogen peroxide. 
roxides thus might be expected to accumulate in large amounts in the tis- 
es. Peroxides, being toxic, must be disposed of, and there are two enzymes 
pable of accomplishing this. The more important one is catalase. It is 
esent in all animal cells but in varying concentrations. Its action is to de- 
mpose hydrogen peroxide, yielding gaseous oxygen: 


2H.0, — 2H.,0 + O, 


her peroxides are not attacked. 

Peroxidase, in the presence of H,O,, catalyzes the oxidation of diverse 
enols and aromatic amines. It has been pictured as an activation of the 
ygen in such a way that the oxygen may directly oxidize the substrate. 





H,O, —————>_ H,O + O 
Peroxidase Active oxygen 
M + O ——> MO 
Metabolite 


ner doubts whether enough hydrogen peroxide can occur in cells which 
tain catalase to bring about such oxidations and further whether there are 
cient phenols present for such reactions. There is also some doubt as to 
occurrence of peroxidases in animal cells, because hemoglobin, cytochrome, 
other substances react similarly and mask the presence of peroxidase. A 
oxidase is found in milk, however. 


ENERGY PRODUCTION AND UTILIZATION 


At the beginning of this chapter it was stated that one of the two main 
blems was how the energy derived from the oxidation of the substrate is 
ized before being dissipated as heat. An explanation which has been ad- 
ced for this phenomenon will now be considered. It has long been known 
t the oxidation of triose and of pyruvic acid occurs only in the presence of 
ganic phosphate. These three-carbon molecules may be considered typical 
abolic units prepared by the body for oxidation. Phosphorylation and 

ation seem to be definitely linked together in physiological reactions. In 

oxidation of the triose 3-phosphoglyceraldehyde, the first reaction sup- 

d to occur is the addition of a second phosphoric acid to produce the 
othetical intermediary substance 1,3-diphosphoglyceraldehyde (Fig. 44). 
he presence of an enzyme and a earrier, this is oxidized to 1,3-diphospho- 
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glyceric acid. This is the oxidation proper and although the reaction as” 
whole has liberated a small amount of energy, a large proportion of the energy 9 
the oxidation is stored in the pyrophosphate bond created. This is a labil 
phosphate bond and is termed an ‘‘energy-rich’’ phosphate bond (Lipmann) 

The energy-rich phosphate bond represents 9,000 to 12,000 calories per mole 
as contrasted with about 3,000 calories for the ester phosphate linkage. Th 
12,000 calories condensed in the energy-rich bond may be considered a bio 
logical energy unit. Removal of a phosphate linked to an alcoholic hydroxy 
group (ester phosphate) yields little energy. Through metabolic reactions phos 
phate may, however, become linked with carboxyl or certain other groups an 
form ‘‘energy-rich phosphate bonds.’’ These bonds are shown with the symbo 
~ to indicate this energy-rich type of linkage. Acetyl phosphate is 


CH,—C—O 
ne PO,H, 


with one energy-rich phosphate bond. Other energy-rich bond types, with al 
example of a compound containing each, are as follows: 


NH 
—N~PO,H, as in H_N—U_-N—cH,coo# 
PO,H, du, 
Creatine phosphate 


O O OH 
ea Say, ee ee as in Adenine-ribose —P—O~P—O~P=0, and 
| | H bu H 
Adenosine triphosphate 


O O 


| || 
—CH,—S~C— as in CoA—S~C—CH, 


Acetyl Coenzyme A 


In the reactions shown in Fig. 44, the energy-rich phosphate bond has been it 
serted where it is postulated to be present. In the further catabolism of trios: 
the energy-rich phosphate bond is transferred from 1,8-diphosphoglyceric acid 1 
adenylic acid or adenosine diphosphate by a specific enzyme, a transfera 
At the same time this transfers about 12,000 calories to the adenosine moleeul. 
which in turn ean discharge this energy upon cellular structures for the p 
formance of biological work, or it may transfer it to creatine. Most tra 
phosphorylation reactions involve the adenyl-pyrophosphate system which acts 
a phosphate acceptor from substances like phosphopyruvate, acetyl phospha 
and 1,3-diphosphoglycerie acid. The adenosine polyphosphates can then at 
as phosphate donors to such organic substances as glucose, creatine, ete. T 
energy is finally made available when the energy-rich phosphate bond — 
broken, yielding inorganic phosphate, the dephosphorylated compound (a 
nylic acid, for example), and approximately 12,000 calories. The fu | 
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etabolic reactions in this series, 
osphate bond, are shown on page 424. 


We may thus classify phosphate carriers into three groups. 


with the formation of another energy-rich 


| 1. Relatively inert phosphate carriers ; €.g., ester phosphates, such as 
ose phosphate and hexose-phosphates, These carry on their phosphate bonds 


ly 3,000 calories. 





go OH 
C H—C—O—H,PoO, 
| NH | 
vee + H,PO, ———> CHOH 
| 
CH,O 7HoEO; ae CH,—O—H,PO, foe 
Triose phosphate 1,3-Diphosphoglyceraldehyde 
+ H,O 
i 2 
Dehydrogenase and 
hydrogen acceptor 
COOH COO~H,PO, 
| | 
CHOH —— CHOH 
| | 
CH,—O—H,PO, CH,—O—H,PO, 
3-Phosphoglyceric acid 1,3-Diphosphoglycerie acid 
~PO,H, 
Transferase 
+ 
Adenosine diphosphate 
O O O 
Creatine~ phosphate ~PO;H, || || || 
+ << Adenine-pentose —P—O~ P—O ~P—OH 
+ | | 
Adenosine diphosphate Creatine bn OH OH 


Adenosine triphosphate 


or 


O O 
I | 
Adenine-pentose —P—O~P—OH 
| 
OH OH 
Adenosine diphosphate 





Energy-rich phosphate deposited on bio 
logical receptor (e.g., muscle fiber) 


fnergy transfers during catabolism of triose. 





Fig. 44. 
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2. Active phosphate carriers, such as ereatine-phosphate, 1,3-diphospho 
elyceric acid, enol-phosphorie acid. These have about 12,000 calories condense¢ 
in their energy-rich phosphate bonds, ~PO,. They possess the property of trans 
phosphorylation, which means the transfer of these energy-rich groups to othe 
active carriers or to the third class. 

3. Active phosphate carriers and dischargers. This comprises adenosin 
di- and triphosphates. They possess the properties of group 2, but in addition 
function in the performance of biological work. This includes muscle contrae 
tion, the maintenance of cell potential, etc. They also phosphorylate organi 
molecules such as hexose and triose, thus creating inert and active carriers. 

Thus oxidative energy, from the oxidation of triose, is converted into phos 
phate bond energy and the adenylic system serves as the mediator of the trans 
fers involved. When glucose is the phosphate acceptor, the system, one 
started, is self-perpetuating. The phosphorylation of glucose enables it t 
undergo oxidation by way of triose phosphate and pyruvate and this oxidatio1 
eauses further phosphorylation of glucose. It should be emphasized that th 
energy is derived from oxidations, but the phosphorylations permit it to b 
concentrated in the energy-rich bond which is transferable through the ageney 
of adenylie acid. 


Oxidative Decarboxylations 


It is well known that the oxidation of metabolites in the body yields CO; 
water, and energy. In the preceding discussion it has been seen how oxidativi 
reactions occur and that the oxygen which enters into reaction with th’ 
respiratory chain of enzymes appears as water. It has also been observed tha: 
high energy bonds may be formed in the course of the fermentative or anaer 
obie reactions. Up to this point, however, the degradation of the triose sul 
strates to CO, has not been explained, nor has the major production of energy 
rich phosphate bonds, associated with the oxidation of foodstuffs, been dd 
seribed. 

An appreciation of the importance of this phase of intermediary metal. 
olism is largely due to the pioneer work of Szent-Gyérgi and Krebs. Szen® 
Gyorgi pointed out that there is no substance oxidized as rapidly by tissues é 
suceinie acid. This acid has the unique property of possessing two carb 
atoms which are both alpha and beta carbons. The same is true of the oth 
C4 dicarboxylic acids. It is well known that such carbons are highly reactiv 
and consequently would be expected to react rapidly under favorable cond 
tions. A vast amount of experimentation led him to conclude that there exi 
two four-carbon dicarboxylic acid systems, each reversibly oxidizable. Thes 
when linked together, can transport hydrogen from the substrate metaboli 
to the cytochrome oxidase system. 

Krebs pointed out that pyruvie acid, arising from carbohydrate metat 
olism, and oxaloacetie acid undergo a condensation to citrie acid in order | 
bring about oxidation of the citrie acid and the regeneration of four-carbe 
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ids. The formulation of the tricarboxylic acid cycle by Krebs resulted from 


ese a other investigations. It is given below, and in greater detail on 
ge 423. 


CH, 

| 

G—0 “= Gora. 
COOH 


Pyruvic 
acid 
— H, | - CO, 
COOH COOH COOH 
COOH CH; CH, bx bon 
| | - H,O || +H,O | 
i + cae A —- paniiger — C—COOH —— HC—COOH 
| 
re O CH, CH, bay, 
| | 
COOH COOH COOH boox 
Oxaloacetie Acetyl Citric acid Cisaconitice Tsocitric 
acid Co A acid acid 
rates 
COOH COOH COOH COOH 
—> | + %O, CH, —H, CH +H,O CHOH -H, CH, 
Bco, CH, ——> |-.—> |  — > | ——>)] 
| - CO, CH, CH CH, C=O 
CH, | | | 
| COOH COOH COOH COOH 
COOH 
a-Ketoglutaric Succinic Fumaric Malic Oxaloacetic 
acid acid acid acid acid 


<aloacetie acid is thus an end product and can be used to condense with 
other molecule of pyruvic acid. 

It should be noted that these reactions involve oxidative decarboxylations, 
hich are complex reactions involving four essential agents: (1) diphospho- 
iamine and (2) Mg* ions for the decarboxylation, thus creating an aldehyde 
termediate, (3) DPN, for the oxidation of the aldehyde to an acyl com- 
mind, which is then accepted by (4) coenzyme A; namely: 


Pyruvate + DPN + CoA — Acetyl-Co A + DPNH + (CO, 


Similar reactions hold for a-ketoglutarate decarboxylation wherein a 
ecinyl-Co A compound is formed. 

Coenzyme A consists of pantothenic acid, combined with a sulfhydril com- 
yund, and ATP. Its formula is given on page 296. It is of great significance 
om the standpoint of energetic considerations, since it makes possible the 
mpling of phosphate with the oxidative decarboxylation reactions; for ex- 


mple : 


Phosphorylating enzyme 
—— re 


Suecinyl-Co A + Phosphate 


Phosphoryl~Co A + Succinate 
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The phosphoryl coenzyme A may then transfer its ~ PO, to ADP. 


Transphosphorylase 


Phosphoryl~Co A + ADP Co Al +). ALE 


From an energetic standpoint it is significant to note that a complete cycle 
of the Krebs reactions is associated with the creation of 16 ~ PO, groups. 
This is possible since the ratio of O:P may be 2 to 4 as contrasted with oxida- 
tive phosphorylation in glycolysis where the ratio is only 1. In the mito- 
chondrial system the oxidation of each member of the cycle as well as the 
interaction of DPNH with flavin and of reduced flavin with cytochrome are 
all linked with phosphate esterification. 

It is thus evident that by virtue of the fact that the enzymes concerned 
in the citrie acid cycle are closely bound together in an oriented fashion within 
the particulate fraction of the cell, there is created a unity of structure and 
function. Green has introduced the term ‘‘cyclophorase system’’ to indicate 
the functional entity of this system of enzymes. The essentials of this concept 
are: (1) the unit of the system is an oriented or functional complex, and 
(2) this complex organization imparts catalytic potentialities above those of 
the individual components. 

The catalytic activity of this system brings about the oxidation to CO, 
and water of (a) members of the citric acid cycle, (b) fatty acids, fatty 
amines, and fatty aldehydes, (c) L-proline, L-alanine, L-glutamine and pD-aspar- 
tate. The common feature in these reactions is the participation of the citric 
acid cycle of reactions. 

Metabolic Control. While in vitro chemical studies and energetic con- 
siderations indicate the possibilities and actual occurrence of certain reactions; 
it is evident that in the intact organism or cell a great deal of discrimination 
must be exercised in metabolism. Thus certain reactions must be favored or 
held in abeyance in accordance with the needs of the tissues. Any major error 
in such control would lead to functional, and eventually to anatomical, pas 
thology. In short, homeostasis must depend upon and reflect a control 03 
cellular enzymatie and respiratory activity. As examples of some of the vari 
ous possible metabolic reactions which an amino acid may undergo, there are 
(1) conversion to peptides and proteins, (2) deamination to keto acids, (3% 
decarboxylation to amines, and (4) transformation to urea, or to some othe® 
nonprotein nitrogenous compound. In the case of pyruvate, we may have 
(1) reduction to lactate, (2) oxidation to acetate, (3) amination to form alat 
nine, (4) carboxylation to oxaloacetate, (5) condensation with oxaloacetatl 
to form citric acid, and (6) decarboxylation to acetaldehyde. The’ acetatt 
conversion is of extreme importance, since it, in turn, may take part in (1 
acetylation of amines and amino acids, (2) condensation to acetoacetate, (3° 
condensation to fatty acids, and (4) condensation to cholesterol, ete. 

Among the limiting factors which determine the direction of metaboli 
reactions are those factors which influence the enzymes. They include: (1! 
the kind of enzymes present in the cells. This element appears to be controlle 
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a genetic basis. Experimental work indicates that removal or appearance 
new enzymes may occur with mutations. (2) The concentration of enzyme. 
a large extent this factor is a reflection of the type of substrate the cell is 
‘ced to metabolize. This ability provides a more subtle mechanism of adap- 
ion to environmental changes than mutation and selective survival. (3) 
cation of the enzyme. Many of the respiratory enzymes are firmly bound 
the different granular fractions of the cytoplasm. However, it is possible 
it physicochemical alterations in the protoplasmic colloid can lead to 
anges in the fixed spacial arrangement within the normal cell, and thus 
oduce changes in the type and extent of metabolic reactions. 

Physiological Control—This aspect of metabolism is little understood. 
ywever, basically it must revolve around hormonal control of enzyme action. 
ere is no evidence that hormones affect enzymes in homogeneous solutions. 
llular structure is apparently necessary for the manifestation of the effects 
hormones. A suggestion of such control is found in the following examples: 

(A) Hexokinase reaction. It appears that the phosphorylation of glucose 
inhibited by a hormone of the anterior pituitary. This inhibition is negated 
the action of insulin, the pancreatic hormone (Price). (See page 440.) 

(B) Proline oxidation. Umbreit has shown that, in the adrenalectomized 
imal maintained on salt, the oxidation of proline by the kidney falls mark- 
ly, and this loss of proline oxidase is prevented or reversed by the adminis- 
ition of cortisone, a hormone of the adrenal cortex. Thus the cortisone ap- 
ars to function in the formation of the enzyme, proline oxidase. No effect 
is observed on various other enzymes. 

Pasteur Reaction.—Pasteur observed that fermentation varied inversely 
th the oxygen concentration. Under anaerobic conditions, yeasts fermented 
gar, but upon the introduction of oxygen, fermentation ceased and oxidative 
actions occurred. This phenomenon has been seen to occur in most forms of 
e and is called the Pasteur reaction. Although it has been extensively in- 
stigated, the basis of the reaction is still elouded in doubt. It is not even 
cepted that there is a specific Pasteur enzyme, which is postulated by some 
be protected by thiol substances such as glutathione. 

Applications —A detailed listing of the possible applications of these studies 
beyond the scope of this volume. However, it might be well to mention a few 
the applications and potentialities that are known. 

1, The insulin-anterior pituitary relationship described above. 

e. lt should be noted that many of the water-soluble vitamins appear to 
t as prosthetic groups of the oxidative enzymes. 

8. There is strong indication that the sulfonamide drugs act by affecting 
e activity of respiratory enzymes in the bacterial cell. Gramicidin has been 
own to dissociate phosphate uptake from glycolysis so that energetic reactions 
€ impossible. 

4. Substances have been discovered which appear to dissociate heat pro- 
iction from energy production. This provides an explanation of the mech- 
ism of the action of various compounds, from “weight reducers” to bac- 
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terial toxins. Table XXXI lists a few of the agents affecting the coupling 0! 
oxido-reduction with energy utilization. : 
It thus appears that certain agents allow an exergonie step to occur with 
out phosphorylation or that they catalyze the abnormal hydrolysis of phos 
phorie esters. This would account for the acceleration of oxidative and glyco 
lytie processes and the failure of endergonic synthesis or work function. 


TABLE XXXI 


AGENTS DISSOCIATING OXIDATION-REDUCTIONS FROM ENERGY UTILIZATION 


AGENT STIMULATES INHIBITS 

Dinitrophenol Respiration and glucolysis Maintenance of phosphocre- 
atine 

Dinitrophenol Respiration and glucolysis Assimilation | 

Dinitrophenol Respiration and glucolysis Sperm motility 

Azide Fermentation by yeast Assimilation ; 

Chloral hydrate Respiration Assimilation; luminescence 

Gramicidine Respiration arity phosphate up- 
take 





5. Examination of malignant growths from the standpoint of their en 
ergetic and enzymatic constitution reveals very unique features. It may bi 
said that they exhibit very high values for both aerobie and anaerobic glyeol 
ysis and that they show deficiencies in their eytochrome—cytochrome 0x 
idase systems. Based on these findings, chemotherapeutic methods of approacel 
become possible. 

6. Atabrine inhibits p-amino acid oxidase and also the oxidation of lactate 
pyruvate, malate, or citrate. The site of action appears to be the inhibition 0 
cytochrome reductase, glucose-6-phosphate dehydrogenase, and, to some extent 
eytochrome oxidase. Addition of riboflavin overcomes the inhibition. 

7. The formation of the acyl phosphate bond appears to be the initiatin’ 
step in the oxidation of fatty acids. The level of adenosine triphosphate in 
tissue may control the relative amount of fat and carbohydrate oxidized. 

In summary, the chemical and energetic metabolism of protein, earbohy 
drate, and fat meet at the active phosphate bond, which appears to be tk 
final common path in biological energetics. While much remains to be e2 
plained, biochemistry is entering an era in which philosophical consideratior 
of energy metabolism are opening new vistas in our understanding of the bass 
mechanies of the cell and of the organism. 
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Chapter 195 
NITROGEN METABOLISM 


Metabolism comprises all the physical and chemical processes whereby 
protoplasm is produced and maintained. It includes ‘‘anabolism,’’ the building 
up of substances to more complex structures, and ‘‘eatabolism,’’ the breaking 
down of substances by living things. It is a very broad term, since it includes 
both tissue and energy transformations. Under ‘‘nitrogen metabolism’’ only 
the various transformations and interconversions of proteins, purines, pyrimi- 
dines, creatine, and creatinine will be considered. 

Nitrogen metabolism is necessarily quite different from carbohydrate and 
fat metabolism, because protein is the basis of protoplasm. Carbohydrates and 
fats do, to be sure, help to make up this living material but the needs of the 
organism for them are not so exacting. A particular protein of a given organ 
is probably unique in chemical constitution. It requires certain amino acids, 
and in definite proportions. Addis has shown that each organ or tissue has its 
own special reaction to different levels of protein in the diet. One organ acquires 
protein faster than another on a given percentage of dietary protein, indicating: 
that each organ has its own optimum requirement. 


ABSORPTION 


The proteins are digested in the alimentary tract almost completely to the: 
amino acid stage. They are absorbed from the small intestine in this state, but: 
there is a possibility that small amounts of peptides may also be absorbed. 
(Christensen, 1949.) Indeed it has been shown by the use of immunological 
methods that certain complete proteins are absorbed unchanged. However,’ 
usually the effect of digestion of proteins is to destroy their specificity, i... 
to break them down to amino acids, after which they are built up into entirely! 
new proteins, characteristic of the animal which has ingested them. 


If an animal is given a subcutaneous injection of a small amount of a particular proteil,! 
then, after a more or less definite interval, a second injection of the same protein is almost cer-’ 
tain to produce grave symptoms and even death. The animal is sensitized by the first injec: 
tion and the whole phenomenon is termed ‘‘anaphylaxis.’? Human beings sometimes experience: 
the same thing; anaphylactic shock sometimes occurs after a second injection of some biological 
material if the timing is favorable for such a reaction. This may also explain why many indi-j 
viduals are hypersensitive to certain foods. That is, they may have been sensitized, perhaps by’ 
absorption from the intestinal canal of a minute amount of unchanged protein, and the toxie 
dose is similarly absorbed. It must be remembered that very small amounts are involyed. Many 
persons experience symptoms of many kinds and degrees on eating certain foods. Sneezing, 
asthma, cutaneous rashes, headaches, vomiting, etc., are examples of the symptoms elicited by 
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ecific foods such as strawberries, lobsters, onions—often when the food is present in such 
all quantities that the individual is unaware he has eaten any of it. 


The principle of the method employed by Walzer to show that proteins may be absorbed 
changed is as follows: 


By the intradermal injection of serum taken from certain hypersensitive patients, the skin 
almost any individual can be passively and locally sensitized to a particular food, so that 
2 subsequent ingestion of that food, under proper circumstances, will result in the formation 
a wheal at the sensitized site. This local reaction is the result of the entrance into the 
90d stream of some of the ingested protein in an unaltered state. 

By a more direct method Ratner and Gruehl have demonstrated the same phenomenon. 
oral administration of a protein, not ordinarily in the diet, sensitized an animal to a sub- 
yuent feeding of the same protein. For example, cow’s milk was fed to guinea pigs and 
ter a suitable lapse of time, a second feeding was given. Anaphylactic shock resulted in 
number of animals. However, it was not as violent nor as certain as when the second dose 
s given intravenously. This is not an accidental finding since it also occurred in a large 
oportion of human adults and children. The amount of protein so absorbed must be 
ry minute and is of little moment from a nutritional standpoint. It is, however, of special 
mificance in connection with the phenomenon of sensitization to specific proteins. 


Although most of the amino acids occurring in nature belong to the L 
ries, there are some that are p, particularly in microorganisms. All of the 
amino acids undergo metabolism, and certain, but not all, of the p variety may 
. used by the animal organism, in part at least. When this occurs, the D- 
nino acid is probably changed to the keto acid by oxidative deamination (see 
we 371), then reaminated to produce the L form, after which the normal 
‘ocesses occur. D-Tryptophan is one of those utilized to a large extent, while 
tyrosine is among those not physiologically available. (Oesterling and Rose; 
lbanese. ) 


GENERAL PATH OF THE AMINO ACIDS IN THE BODY 


The path of entry of the amino acids into the body is chiefly the portal 
reulation, where the amino acid levels are increased by the incoming amino 
ids. As the portal blood goes through the liver, the greater part of the 
‘tra amino acids, added by absorption, are removed by the cells of the liver. 
hese amino acids enter these cells, despite the higher concentrations already 
ere, apparently by an active transfer process. (Van Slyke and Meyer; 
hristensen, 1948.) Although the amino acid content of the liver rises faster 
id higher than that of other tissues after a meal, it falls off much more 
ipidly. This is largely because the liver is the only site of urea formation 
om amino acids, an activity which is accelerated by a high content of amino 
sids in the liver cells. Other portions of the amino acids are captured by 
ther tissues. Here, too, they enter the cells against a higher concentration 


f amino acids, by some active transfer process. In the cells of the tissues in 


eneral, they replace corresponding amino acids of the protoplasmic protein 


nd enter various other metabolic processes. Gradually the concentration of 
1ese compounds falls, as metabolic activities use them up, until the fasting 
However, it should be understood that the various 
_ and it is clear that 
cause, in the fast- 


els are again reached. 
mino acids are constantly present in the blood stream 


ere must exist a homeostatic state for each amino acid, be 
7 
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ing condition, the plasma level of each remains constant, just as much being 
returned to the plasma as is removed from it by cellular activity. The over-all 


relationships may be represented as follows: 


Digestion and ; Tissue Proteins, 
Proteins ——————————>. Amino acids = < Hormones, Enzymes, 
Absorption Ete. 
Li | ver 
{ 
Urea 


Urine ~ (+ minute amounts 
of amino acids) 


Nitrogen Balance 


Probably the most interesting feature of the metabolism of the amino 
acids is the wide difference in their fate during growth on one hand and dur- 
ing adulthood on the other. In a normal adult, under usual conditions an 
amount of amino acids equal to the total amount taken into the body under- 
goes degradation and the nitrogen undergoes excretion each day. This means 
that the amount of nitrogen lost in a twenty-four hour period is approximately 
the same as that consumed, since the nitrogen ingested is chiefly protein nitro- 
gen. In a growing child, in contrast, only a part of the amino acids suffers 
degradation; the remainder enters into the net synthesis of protein which is 











TABI) Auk ee 
EXAMPLE OF ADJUSTMENT TO CHANGES IN PROTEIN INTAKE* 
NITROGEN IN NITROGEN IN NITROGEN NITROGEN IN NITROGEN 
DAY FOOD FECES ABSORBED URINE BALANCE 
(@M.) (GM.) (GM.) (GM.) (GM.) 

















Experiment 1 


__  — | EEE 
eo | 





1 16.96 0.94 16.02 18.2 =2.18 
2 16.96 0.94 16.02 17.0 -0.98 
3 16.96 0.94 16.02 15.8 +0.22 
4 16.96 0.94 16.02 16.0 +0.02 


—— 
| 
| 


) 16.96 0.94 16.02 15.7 +0.32 


Experiment 2 
Te a 





1 14.40 0.70 13.70 13.60 +0.10 

2 14.40 0.70 13.70 13.80 -0.10 

3 14.40 0.70 13.70 13.60 +0.10 

: 20.96 0.82 20.14 16.80 4+3.34 

5 20.96 0.82 20.14 18.20 +1.94 

6 20.96 0.82 se eons Te e190 0 ears +0.64 

7 20.96 ~0.82 > 80.14, le 80.00 0 ee 
er ite eee apa eat Sherman, H. C.: Chemistry of Food and Nutrition, ed. 6, New 


| 

The subject was a young woman weighing 58 kilograms, at rest in bed. The first experi 

ment is an example of adjustment to a lowered protein intake because it was known that the 

subject had previously been on a high protein diet. Equilibrium occurred after the second 

day. The second experiment shows the effect of increasing the protein intake. In this 
case three days elapsed before the subject was in nitrogen equilibrium. ; 
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aracteristic of growth. The nitrogen which is lost from the body is the 
rogen of the urine, feces, perspiration, and those minor factors such as 
> included in the desquamation of the epidermis, the growth of hair and nails, 
sal secretions, tears, ete. In striking a nitrogen balance, ordinarily only the 
tgo in the urine and feces is determined and is compared with the intake of 
id nitrogen. Usually the urinary nitrogen is estimated daily, while the feces, 
sause of technical difficulties, are often collected over a three- or five-day 
riod and the daily average estimated. A person is said to be in nitrogen 
ailibrium when the intake and output of nitrogen are equal to each other. 
positive balance is that condition in which nitrogen is retained, and a negative 
lance is one in which more nitrogen is lost than is ingested. Positive balances 
cur during growth of children, convalescence of patients, and during preg- 
ney. In all these cases protein is being reconstructed and therefore the 
lino acid nitrogen is retained. For growth to occur in young animals, 
owth hormone and insulin are required. (See page 625.) These hormones 
0 exert an influence in other types of positive nitrogen balance. Other 
rmones concerned in the regulation of protein metabolism are the thyroid 
rmone, testosterone, adrenal cortical hormones of the cortisone type, and 
ITH. Negative balances are seen in starvation, malnutrition, fevers, after 
tensive burns or trauma, and postoperatively. Postoperative loss of nitrogen 
a very common occurrence and is far greater than is usually appreciated. 
1e severity depends on the extent of tissue damage and the degree of mobiliza- 
m of amino acids for tissue repair. Under these conditions the body draws 
yon its tissue and plasma proteins and hypoproteinemia may develop. 

If an individual is in nitrogen equilibrium on a diet which is fairly constant 
the amount of its protein and the level of protein intake is changed, he will, 
ter a day or a few days, again become established in equilibrium at the new 
vel. An interval of adjustment or “lag” is almost always seen. An example 
this is given in Table XXXII. 


Uses of Amino Acids 


In a general way it may be said that the amino acids are needed (1) for 
e synthesis of new protein in growth of tissues, formation of blood cells, and 
ssue fluids; (2) for replacing amino acids in tissue proteins; and (3) for build- 
g up’ those enzymes and: hormones which are protein in nature or contain 
dicals possessed by some of the amino acids. Every cell contains many pro- 
ins, and since the cellsof different tissues differ in their morphology, staining 
lalities, and, above all, functions, it is not strange that the number of in- 
vidual proteins in one animal is very great. Multiply this by species differ- 
ices. and we have an enormous number of diverse proteins. This is possible, of 
mrse, because protein molecules are huge and are made up of the twenty or 
ore amino acids in varying proportions and arrangements. Abderhalden states 
lat there could be 2,432,902,008,176,640,000 possible isomers of a polypeptide 
mtaining only one each of the twenty common amino acids, simply because 
f that many different arrangements. Chemically these would resemble each 
her remarkably. They would have the same percentage composition, give the 


# 
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same reactions, and, of course, would have exactly the same hydrolytic products. 
They would differ in the arrangement of the ‘‘building stones’’ in the chain 
and would have distinct physiological and immunological properties. These 
polypeptides would have a molecular weight of about only 2,500. Sinee all the 
native proteins are much larger than that, it is evident that the number of 
different possible proteins is staggering. Consequently, the means Nature ha: 
adopted of breaking the food proteins down to their units, and reassembling 
them in the particular order and number required for each protein, seems to be 
a most advantageous process. 

The organism does not store protein in the same way, or to the same extent, 
that it stores carbohydrate and fat. Nevertheless, during periods of high protein 
intake, considerable amounts of protein are stored in the liver and smaller 
quantities in the other tissues, probably built up into new tissue. That is. 
when the liver hypertrophies after high protein feeding, the increase is due 
to an addition of functioning liver tissue rather than to a deposition of inert 
storage material in the liver cells (Luck). This stored protein or new tissue 
protein is sometimes termed ‘‘reserve’’ or ‘‘labile’ protein. This ‘‘reserve’’ pro- 
tein is said to differ from the structural protein of cells in the readiness with 
which it may be utilized in times of protein shortage, such as starvation or hemor. 
rhage. However, as stated previously (page 362), if animals are kept on different 
levels of dietary protein, the various organs will increase in weight and absorh 
protein at different rates, each organ responding optimally to a certain amount of 
protein in the diet. This indicates that the amount of new protoplasm in a 
tissue will depend on the type of tissue and on the supply of amino acids. The 
amount probably also depends on the kinds of protein eaten, that is, the assort- 
ment of amino acids available, but this has not been investigated. Moreover, 
new protoplasm can increase and decrease only within certain limits. Those 
organs, such as the liver, intestine, and kidney, which acquire protein rapidly, 
are the first to lose it when fasting oceurs. In other words, ‘‘‘labile’ nitrogen is 
not distinguished primarily by a difference in composition but by its location” 
(Borsook and Dubnoff). Furthermore, it appears that nuclei of cells are 
spared longer than other parts of the cell. (Muntwyler.) 


Physiological Transformations of Amino Acids.—In the laboratory, amin¢ 
acids are relatively stable, but in the body they are highly reactive. They 
are built into the form of proteins with extreme rapidity. Certain ones 
take part in the formation of urea in the ornithine-citrulline eycle which will 
be discussed shortly. Some are easily changed to hormones such as adrenalin. 
insulin, and thyroxin. Recently the phenomena of tr ansamination, trans: 
methylation and tr anspeptidation have been described. They indicate how somé 
of the amino acids take part in physiological phenomena. 

As the word indicates, transamination refers to the transfer of amino groups 
from one compound to another, 1L-Glutamie acid, under the influence of a spe 
cific enzyme, loses its NH, to a keto acid, which thereby becomes an amino acid 
and the glutamic acid becomes a keto acid; namely, -a-ketoglutarie acid. Thé 
enzyme, transaminase, oceurs in practically an animal tissues but in higher con 
centrations in heart muscle, brain, kidney, and testes. 1~-Aspartie acid may res 
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ace glutamic acid, but the reaction is slower. The phenomenon was first dis- 
vered by Needham in 1927. One such reaction is as follows: 


COOH COOH 
du, CH, dn, CH, 

eT’ du, 4 d=o 2 du, + éunE, 
bet (NH.) doo bo doon 
doon doox 


Glutamic acid Pyruvie acid a-Ketoglutarie acid * Alanine 


wenty-two amino acids, besides alanine, are now known to be subject to 
ansamination, but the glutamic-a-ketoglutarie acid system seems to be in- 
ilved in each ease, and a different enzyme is required for each, (Cammarata 
id Cohen.) A phosphate ester of pyridoxal, or, as the case may be, pyridox- 
nine, is the prosthetic group of transaminase acting as an amino group carrier 
ee page 295). In the reaction shown, pyruvic acid, a product of carbohydrate 
etabolism, is transformed into an amino acid, thus showing how the body is — 
le to synthesize some of its amino acids. In this case it is one of the simplest 
les. The reverse reaction indicates how the more complex glutamic acid might 
» produced from alanine and another intermediate in carbohydrate metabolism, 
pha-ketoglutaric acid. From another standpoint, transamination may be im- 
tant. The nonnitrogenous compounds formed in these two-way reactions— 
yruvie acid, alpha-ketoglutarie acid, and oxaloacetie acid—are concerned in 
‘idation-reduction systems, some of which have been discussed. It thus appears 
at transamination may be a ‘‘shuttle’’ mechanism in which a few key protein 
id carbohydrate metabolites are interconverted as needed (Cohen). The most 
pid transamination reaction is: 


‘ 
(2) Glutamic acid + Oxaloacetic acid =< Alpha-ketoglutaric acid + Aspartic acid 


he reaction toward the right is twice as fast as the one in the opposite direce- 
on. The mechanisih of transamination may involve the formation of inter- 
ediate complexes, by the condensation of the amino acid with the a-keto acid. 
ewriting reaction (1) we would have: 


OH cooH COOH COOH 
| | 
; ae a tae Ages 
— J Sa nemraiar 6 Sif? aaa CH CH 
- + c= a i i CH, - , a 
wo, coon *™° coH-n—c c=n—CH 7 2° go Bie 
: | | | 
H doou door COOH COOH COOH COOH 


The methyl group of methionine, CH,-S-CH,-CH,-CH(NH,)-COOH, may 
ewise be transferred from that compound to suitable receptors. This phenom- 
on, transmethylation, was discovered and has been studied by duVigneaud and 
s colleagues. The result of transmethylation is, among other things, the forma- 
n of choline and creatine, both methylated compounds and both of utmost 
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biological significance. Sulfur metabolism is also related to transmethylation, 
as will be seen. ‘ 
Since the reaction 


Peptide = Amino acids ; 


is a reversible reaction, theoretically the synthesis of peptides, and vine 
proteins, is possible by means of the reverse reaction. However, the equi- 
librium lies far on the side of hydrolysis; i.e., toward the right. Synthesis f 
likely to occur, therefore, only if the peptide can be removed from the syst m 
rapidly enough, and, although this has been accomplished by using amin 
acids which yield insoluble peptides, it does not usually occur. 

A different method of accomplishing syntheses of peptides, or of re 
ranging them, was discovered by Bergmann, Hanes, Fruton, Waelsch, an 
others; namely, transpeptidation. This is the term applied to the transf 
amino acids or peptides to amines, to other amino acids, or to peptides. Tran 
‘peptidations require little energy because the energy of the peptide bond whi 
is broken is utilized for the synthesis of the new peptide bond. An intermedi 
compound is assumed to be formed, and in the new peptide the carboxyl group 
of the transferred amino acid is attached to the initial amino group. Carboxyl 
transfers, i.e., to the terminal carboxyl part of the receiving amino acid or p 
tide, are not yet known. 







O OH O 
| | 
R—C—NHR’ + NHR” = |R—C—NHRi = r—(_NHR” + NHR’ 
NHR” 


An example follows: 













"i CH, 
HC—NH, COOH He_cNE, 
ee | 
C=O + /N—OH — C=O COOH 
H | 
| | 
1a CH, HN— CH 
HC—COOH fas be 
| | 
ba ) BS 
yo 
Ms | | 
ee 
Glyeyl-L-leucine Phenylalanine Glyeyl-L-phenylalanine L-Leucine — 


Although only short chains have thus far been shown to be formed. it is DOs 
sible that long chain polypeptides are elaborated by such methods rm nat ire. 
Among the enzymes that have been shown to take part in such transfers are 
cathepsin, trypsin, and chymotrypsin, and it is possible that all enzymes th t 


catalyze hydrolytic reactions involving peptide bonds also catalyze transpeP 
tidations. 
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Of particular importance is the y-glutamyl radical, because of its incor- 
oration in glutamine and glutathione. In mammalian kidney, liver, and 
rain there is a y-glutamyl transpeptidase that transfers this Ont eine 
lutathione to various amino acids; for example: 


COOH COOH 
| | | 
CHNH, CHNH, 
C,Hy 
tg + ee _—> ee ea +  COysteinylglycine 
CH, CH, HC—COOH 
| ; NH, | 
—C—Cysteinylglycine O=C———_NH 
tlutathione L-Leucine y-Glutamyl-L-leucine Cysteinylglycine 


he reverse of this, namely, the synthesis of glutathione, has been accom- 
lished in the presence of a suitable enzyme. (F odor.) 


y-Glutamylglycine + Cysteinylglycine —> Glutamyleysteinylglycine + Glycine 


If a new peptide bond is formed, a donor of high energy phosphate must 
e present. An example of this is the production of hippuric acid from benzoie 
eid and glycine. (See page 520.) ATP is required and is changed to ADP. 


Replacement of Amino Acids in Tissues——The amino acids free in the 
rganism, both those in the cells and those in the extracellular fluid, are 
vailable to build new protein or rebuild the protein already present. The 
oncept of endogenous and exogenous protein metabolism, supposedly. based 
n firm foundations, must be modified and perhaps even abandoned. <Ac- 
ording to Folin, the tissues of the body basically have a more or less fixed 
mount of protein metabolism; that is, there is a ‘‘wear and tear’’ quota 
f tissue metabolism. This was called the ‘‘endogenous’’ metabolism and 
b was thought that it could be determined by ascertaining the minimum excre- 
ion of nitrogen on a diet containing no protein but sufficient carbohydrate and 
at. When more than this minimum amount of protein was ingested, the excess 
ver and above the endogenous nitrogen was ascribed to the breakdown of un- 
sed food, and was designated as ‘‘exogenous.’’ The experimental basis for this 
oncept was Folin’s discovery that the urinary output of both creatinine and 
eutral sulfur was constant, regardless of the level of dietary protein. It ap- 
eared, therefore, that these constituents, but particularly the creatinine, re- 
ulted from cellular activity and that the lowest output of other nitrogenous 
roducts corresponding to them could likewise be considered to come from that 
asic cellular activity. The ‘‘worn-out’’ amino acids resulting from endogenous 
netabolism were carried to the liver and met the same fate as the exogenous, or 
Keess, amino acids; i.e., they, too, were deaminized and the nitrogen excreted 


is urea. 

In recent years a new the : 
yy Borsook and Keighley. According to them, when a person is in nitrogen 
quilibrium, the breakdown of intracellular protein is continually going on 
ut not at a minimum level. It bears no relation to the ‘‘wear and tear’’ of 


ory of protein metabolism has been advanced 
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the cell but rather to the level of the amino acids present and available. It 
exceeds the Folin endogenous quota and is directly proportional to the level at 
which the nitrogen balance has been set by the intake of protein; that is, with a 
high protein intake, there will be a larger amount of interchange of amino acids 
than with a low intake. This interchange is a continuous process and the new 
theory is based on several types of evidence. Much of the evidence is indirect, 
but there is also some of a very direct character. Schoenheimer and his group 
synthesized amino acids with isotopic nitrogen, N°, and have followed this 
nitrogen atom in its travels through the animal body. They have fed the amino 
acids containing heavy nitrogen to rats or mice and have then taken the tissues, 
hydrolyzed them, isolated the various amino acids, and determined their con- 
tent of heavy nitrogen. This was accomplished by physical methods after the 
amino nitrogen was converted to gaseous nitrogen. The heavy nitrogen was 
found in the tissues very soon after feeding, and although present mostly in the 
form of the particular amino acid administered, it was also found in other 
amino acids to a considerable extent. The only amino acid in the tissues which 
did not exchange some of its nitrogen for ‘‘marked’’ nitrogen was lysine, al 
though if lysine containing heavy nitrogen was fed, it could yield its nitrogen 
for the formation of other amino acids. That is, as far as lysine is concerned, 
the process is in one direction only. The transfer of NH, occurred by oxidative 
deamination, transamination, and also by other procedures, the natures of 
which are unknown. It seems that every protein molecule in the body is fre- 
quently renewed, and this does not imply a wearing out of the protein molecule 
or any part of it but rather a dynamic equilibrium between the amino acids in 
the tissues, in plasma proteins, and those circulating in the blood and body fluids. 
To accomplish this, peptide linkages are being opened and closed continually at 
a very high speed with the removal and replacement of amino acid molecules, 
or protein molecules are being hydrolyzed and resynthesized. 

Deamination.—It has been stated that after absorption from the alimen- 
tary tract, a large share of the amino acids is picked up by the liver and is 
soon deaminated. Probably amino acids exchanged in other tissues for the 
fresh ones circulating in the blood make their way back to the liver, because 
this organ is the chief site of deamination in the body. The kidney and other 
organs share this function but only to a minor degree. There are two general 
types of reaction involved, each catalyzed by a specific enzyme. The first is a 
simple hydrolysis of an amino acid amide, such as glutamine or asparagine, 
yielding the corresponding amino acid, glutamic or aspartic, respectively. 


CONH, COOH 
CH, Asparaginase CH, 
HNH, + H,O duu, Re ce. 
COOH COOH 
Asparagine Aspartic acid 


; : : 
These two amino acid amides are present in the proteins as such to some ex- 
tent. They also are formed in certain tissues by the addition of ammonia to 
the amino acid under the influence of an enzyme, glutaminase 
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The second type of reaction is an oxidative deamination, which converts 
Ipha-amino acids into their corresponding keto acids and releases ammonia: 


R—CH(NH,)COOH + %0, — R—CO—COOH + NH, 


he enzyme is L-amino acid oxidase and acts in the presence of atmospheric 
xygen which has been carried to the tissues by hemoglobin. This second type is 
onsidered the general reaction by which most amino acids are deaminated. The 
ollowing L-amino acids have been shown to be oxidized by this enzyme: leucine, 
henylalanine, norleucine, isoleucine, valine, cystine, histidine, tyrosine, methio- 
ine, alanine, and tryptophan. (Blanchard.) The nonnitrogenous residue will 
e considered later. Now we are concerned with the fate of the ammonia pro- 
uced by both of these reactions. 


Urea Formation 


The ammonia formed by deamination is converted into urea in the liver. 
his had been suspected for a long time, but Bollman, Mann, and Magath 
onfirmed it in 1924 by showing that hepatectomized dogs were unable to 
orm urea. After such an operation the amino acids and ammonia accumu- 
ited in the blood, but the urea of the blood and tissues decreased in con- 
entration. If the kidneys were ligated in such animals, the blood urea re- 
1ained at a constant level. It is therefore apparent that the liver, and only 
he liver, produces urea. Furthermore, we know that there is present in the 
ver an enzyme, arginase, which splits urea off of arginine, leaving ornithine, 
nother amino acid, as a residue. 


NH, 

Ae 

Jo oe NH, 
1” a | 

NH Ta 
du, CH, NH, 
Arginase | v4 
CH, ae CH, + C=O 
| + H,O : < 
CH, ek NH, 
CHNH, COOH 
| 
COOH 

Arginine Ornithine Urea 


‘rebs and Henseleit studied this reaction by the use of slices of liver tissue 
1 an oxygenated nutrient medium containing ammonium salts. They were 
ble to obtain urea formation only with liver tissue, thus confirming the fact 
hat liver is the sole site of urea manufacture. The amino acids, ornithine and 
itrulline, catalyzed the reaction to a marked degree. Later it was observed 
hat glutamine or glutamate also had a stimulating effect on urea formation. 
t was soon discovered that the formation of urea from arginine, aS shown 
bove, is really the last of a series of enzymic reactions. These include the 

nthesis of citrulline from ornithine and glutamate, the synthesis of arginine 
rom citrulline, and the splitting off of urea from arginine. 
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co 
“I 
bo 


(1) It was found by Cohen and Grisolia that glutamate accepts CO, a 
NH, and thus forms carbamyl glutamic acid. This requires ATP. One woul 
have supposed that this carbamyl group would next be transferred to ornithin 
to yield citrulline; instead, a more complex intermediate is formed, which 
transfers a different CO. and a different ammonia to citrulline. 


COOH COOH 
| | 
(CH,)> +t CO, + NH, aE RERRAEETCGS a (CH,)> O 
| Mgtt, ATP | | 
HC—NH, HC—NH—C—NH, 2 
| ‘| 
boor COOH : 
Glutamic acid Carbamyl glutamic acid v 
COOH NH, NH, coll 
| | 
(CH,). O + NH, ———> Intermediate + (CH,); — C=O (CH,)>» 
| ATP organic | + 7 
HC—NH—C—NH, + CO, phosphate HC—NH, NH HC—NH, 
| 
sane COOH (CH,)s; boor 
HC—NH, : 
COOH | 
} 
Carbamyl Ornithine Citrulline Gluten | 
acid @ 


glutamic acid 


(2) Citrulline, after enolization, reacts with aspartic acid to form an im 
termediate addition compound (now known to be argininosuccinie acid), whieh 
yields arginine and fumarie acid. ATP is required in the first of these two 
steps, possibly to phosphorylate the hydroxyl group of the enol form of 
citrulline. (Ratner and Petrack.) 





NH, NH COOH F 
| | | H H COOH 
C=O C—OH H,N—CH | | | 
| | | N C—N——-CH 
NH NH CH, ATP | || + ADP 
| = | + | —— (CH,); NH CH, 
(CH,), (CH,); COOH -H,O | | + Inorgani¢ 
HC—NH, : 
anes a Rae | ;: COOH _ phosphate 
| | COOH 
COOH COOH 
Citrulline Knol form Aspartic Argininosuceinice acid 
acid 
NH 
| 
Gea COOH ? 
| 
2 “ie + CH 
| 
(CH,); CH 
CH—NH, boo 


| 
COOH 


Arginine Fumarie acid 
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(3) The arginine formed is decomposed by arginase with the formation 
urea and ornithine, The ornithine is again ready to take up CO. and NH, 
. carbamyl glutamic acid. Im this cycle it is seen that two molecules of 
imonia and one of carbon dioxide are taken up. The ammonia, it should be 
nembered, is derived from amino acids, and the CO. from the metabolism of 
rbohydrates, fats, or the nonnitrogenous residue of proteins. 

Urea formation involves at least seven enzyme reactions—three in the 
‘mation of citrulline, three in the formation of arginine, and one in the 
mation of ornithine with the concomitant splitting off of urea. Two of 
se seven enzyme reactions are endergonic, and about 18,800 calories of 
e energy are released in the formation of urea from CO, and NH,*. 

A scheme of this eycle is shown in Fig. 45. 


+ Oxaloacetic Acid 





Glutamic 
Acid 
ye aS 
Carbamyl 
Glutamic 
Acid +NH, 
we RraaeN (transamination) 
ADP } 
Intermediate 
Organic 
Phosphate 
a 
NH,+CO, 
+ e 
Ornithine 
Urea 
Arginase 
Arginine CUE, | 
Aspartic 
Fumaric | ioe ae 
Acid 
ATP 


Argininosuccinic 
Acid 


Fig. 45.—Scheme showing formation of urea. 


Amount of Urea Excreted.—Urea is the chief nitrogenous end product 
‘amino acid metabolism. Small amounts are also derived from the break- 
wn of other products, but these are negligible. On a normal or a high 
otein diet the urea (about 25 to 30 Gm.) comprises the greatest part of 
e urinary nitrogen; from 85 to 92 per cent of the total nitrogen is the 
trogen. On a low protein diet the urea nitrogen forms a smaller fraction. 
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may be as low as 60 per cent of the total nitrogen. The reason for this is that 
certain nitrogenous constituents of the urine, such as uric acid, ammonia, and 
creatinine, are present in comparatively small amounts even on a high nitrogen 
diet, and when the protein intake is lowered, they continue to be excreted in al- 
most the same amount. They arise from other phases of metabolism not directly 
concerned with the breakdown of protein. 

Urea itself has no very marked physiological effects. It has some diuretic 
action. Consequently on a high protein diet the volume of urine eliminated 
tends to be increased. This may be the reason for the feeling of thirst one often 
experiences after a very hearty meal. 


Ammonia Formation 


Ammonia formation from a quantitative standpoint is quite unimpressive 
when compared with urea. It amounts to about only 2.5 to 4.5 per cent of the 
total nitrogen under ordinary conditions. However, it is of considerable im- 
portance as a neutralizing agent for acids. As such it conserves fixed bases, such 
as Na, K, and Ca. If an increased amount of acid is ingested, more ammonia is 
formed to neutralize it and thus the loss of these elements is prevented. The 
same is true when an acidosis occurs and the reverse when there is an alkalosis 
(see Chapter 20). 

Nash and Benedict showed that ammonia formation occurs in the kidney. 
They ligated both kidneys and demonstrated that the ammonium salts of the 
blood did not accumulate as they would have done if NH, were formed in some 
other organ. They also showed that the blood of the renal vein contained more 
ammonium salts than blood from other parts of the cireulatory system. That 
indicated that the kidney manufactures ammonia, a small amount of which dif- 
fuses into the blood for neutralizing’ purposes. Most of it is eliminated by the 
kidney and forms the ammonia fraction of the urine. The source of ammonia has 
been the subject of much investigation as well as controversy. The use of iso- 
topic compounds has helped to clarify the matter. The feeding of isotopic am- 
monia was followed by the excretion of isotopic urea, almost exclusively. Simi- 
larly the administration of isotopic urea was followed by the excretion of 1s0- 
topic urea. Ammonium salts, which might arise in digestion to a slight extent, 
and urea are therefore both excluded as sources of urinary ammonia. However, 
when various amino acids containing heavy nitrogen were fed, a large propor- 
tion of it was found in the urinary ammonia. Probably the urinary ammonia is 
formed by direct deamination of the amino acids without urea as an intermediate. 
Van Slyke and his colleagues have proposed the amino acid amide, glutamine; 
as the chief source of ammonia. Dogs were prepared with kidneys explanted; 
that is, transferred to positions under the skin, In this way blood could be 
withdrawn from the renal vein by skin puncture. By special methods 0 
analysis, they found that glutamine was the major source of ammonia with 


alpha-amino acids a minor one. Glutamine makes up about one-fourth to on 
fifth of the free amino acids present in plasma. 
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NH,—CH—COOH NH.—CH—COOH 
Glutaminase 
rie + HOH ———> CH, + NH, 
' | 
CH,—CONH, CH,—COOH 
Glutamine Glutamic acid 


NH, + H,CO, == NH,‘HCO,: 


Fate of the Nonnitrogenous Residues.—The portion of the amino acid re- 
ning after deamination is transformed into glucose, into acetoacetie acid, 
d other related compounds, and into other products. The structure of the 
ino acid will determine into which substance it will be changed. The 
idence for the data on this point has been obtained chiefly from experiments 
dogs or other animals which were made diabetic either by the removal of the 
nereas or by the injection of phlorizin. Such diabetic animals excrete glu- 
se even when starved or on a diet containing only protein. It is evident 
at when all the fat and glycogen stores have been used up, any glucose ex- 
ated in the urine must have been derived from protein. Since the nitrogen 
ntent of proteins is known (approximately 16 per cent), a determination of 
th urinary nitrogen and glucose should indicate the proportion of sugar which 
1 be derived from protein. This has led to the formulation of the G:N ratio, 
erly called D:N or dextrose:nitrogen. Minkowski’s figure for the G:N 
tio in depancreatized dogs was 2.8. The G@:N ratio in phlorizin diabetes was 
iced at 3.65 by Graham Lusk (see page 432), and it has been assumed that 
» latter value is the better one to use. Although a great deal of doubt has 
en cast upon the accuracy of this figure, and, indeed, upon part of the 
eoretical basis for it (Soskin and Levine), its use may be continued until 
» subject is in a less confusing state. Moreover, from a practical standpoint 
» results obtained are very useful. Now, if the G:N ratio is 3.65 on a protein 
st, the indication is that the amount of glucose derived from 100 Gm. of 
otein ingested is 58 Gm. 

G (Glucose of the protein) Is gel oho Gk 18 ee HR 
N (Nitrogen of the protein)’ °F 16 





e process of forming glucose from protein is called ‘‘gluconeogenesis’’ and, 
nee, the gluconeogenic value of proteins in general is 58 per cent. When 
sts are planned for diabetic patients, and the approximate amount of po- 
itial glucose in the food must be known with some degree of accuracy, 
is figure is of value. Fifty-eight per cent of the protein ingested is added 
the amount of carbohydrate for a ‘‘total glucose”’ value of the diet. 
bout 10 per cent of the fat is also included; this represents the glycerol 
action, which is easily converted into carbohydrate.) This figure, 58 per 
nt, it must be understood, represents the glucose derivable from a mixture 
proteins. Single purified proteins yield different amounts of glucose and 
trogen. Janney gives the following results: Casein, 48 per cent ; ovalbumin, 
per cent; serum albumin, 59 per cent; gelatin, 68 per cent; fibrin, 53 per cent; 
estin, 65 per cent; gliadin, 80 per cent; and zein, 53 per cent. These divergent 
res are due to the differences in composition of the proteins. I eeding pure 
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amino acids to diabetic animals results in the interesting observation that only 
certain ones give rise to glucose in this way. It has been shown that: 

1. The amino acids which yield glucose are all those which contain two-, 
three-, four-, or five-carbon atoms. 

2. Of those with more than five carbons, arginine and histidine are the 
only ones which give sugar. 

3. All the straight-chain amino acids except lysine furnish sugar. 

4. Proline and histidine are the only amino acids with eyelie formulas which 
are known to be convertible to glucose. 

Lysine is in a special class in this as well as other ways and presumably 
has a special type of metabolism. Regarding arginine, it has just been seen 
how arginase cuts it down to a five-carbon chain in the liver. It is therefore 
not surprising that it follows the same route as the other smaller straight 
chains and is converted into glucose. 

Thus the following amino acids give rise to sugar: glycine, alanine, valine, 
serine, threonine, cysteine (and eystine), methionine, aspartic acid, glutamie 
acid, arginine, histidine, and proline. 

The mechanism of this conversion to glucose is not known. However, it 
has been seen that keto acids are the first step. The simplest keto acid, pyruvie 
acid, is a well-known intermediate in all carbohydrate transformations, but it is 
not known whether the longer keto acids must be cut down to pyruvic first or 
not. It is possible that this is so because only three of the carbon atoms in each 
glucogenetic amino acid go to form sugar. In the case of glycine, of course, only 
two are so converted. There is some evidence that the glucogenetic amino 
acids may not in all cases be actually converted into glucose. The glucose formed. 
may come from some other metabolite, which the amino acid spares. Gurin and 
Wilson found that tagged alanine, when administered to phlorhizinized dogs, 
resulted in a formation of glucose, to be sure, but the glucose was not tagged. 
Similar results have been obtained by other workers. 

Leucine, isoleucine, hydroxyproline, phenylalanine, and tyrosine give rise’ 
to acetoacetie acid, and probably some of the others also do. The mechanism of! 
this process is another which is not understood as yet. It may also be mentioned 
in this connection that since many amino acids yield glucose, and earbohy- 
drates are convertible to fats (Chapter 17), the proteins indirectly may bel 
fat-formers. The opposite to glucose formation from proteins also occurs; 
i.e., glucose and many related compounds can be converted into the carbon! 
chains of amino acids. For example, when sucrose, embodying C' was fed to 


mice, the tagged carbon was found in several of the nonessential amino acids 
of the tissues. (Steele.) 


Metabolism of Some Individual Amino Acids 


Most of the discussion of amino acid metabolism up to this point has been 
concerned with these compounds as a class. It is now necessary to conside 
them individually, or in groups, and they will be taken up in about the sam 
order as they were listed in Chapter 5. The problem to be studied is how th 
amino acids are handled by the liver or other tissues, when they are not bei 
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ult into protoplasm, and, further, to see whether any of these compounds are 
‘special interest physiologically or clinically. 

Glycine.—If the general reaction for the oxidative deamination of amino 
ids is applied to glycine, we have 


CH.(NH,)COOH + %0, <2 CHO—COOH + NH,. 
Glycine Glyoxylie acid 


his reaction has been demonstrated to be catalyzed by glycine oxidase, an 
zyme present in liver and kidney tissue. (Ratner.) The enzyme is a flavo- 
‘otein. Glyoxylie acid may be decarboxylated to yield formaldehyde and 
rbon dioxide, both of which take part in many biochemical reactions. 


An interesting possible pathway involves the participation of glycine in 
e synthesis of serine, which could then be converted to pyruvic acid (page 
8), a carbohydrate metabolite (Sakami). Serine may also be converted to 
ycine. 
CH,(NH.)COOH + HCHO = CH,OH - CH(NH,)COOH 
Glycine Formaldehyde Serine 


Glycine is one of the substances necessary for the formation of creatine, and 
‘eatine is an essential in muscle physiology. Consequently when it was found 
at the creatine-creatinine metabolism was disturbed in certain conditions in- 
ylving the musculature, the feeding of glycine was tested. The results are 
mflicting. In one of these conditions, ‘‘myasthenia gravis,’’ in which disturb- 
nees in creatine metabolism appear to be of secondary importance, the feeding 
f glycine sometimes has favorable results, but not in all eases. In ‘‘ progressive 
uscular dystrophy,’’ on the other hand, which invariably is accompanied by 
pnormal excretion of creatine, the use of glycine therapeutically has been 
enerally disappointing. ; 

Glycine is also a part of the bile acid, glvcocholie acid, and the tripeptide, 
lutathione, which has certain oxidation-reduction functions. It has been 
nown to be transformed into ribose, fatty acids, aspartic acid, purines, 
yrimidines, and into the porphyrin structure of heme. These changes are 
robably attributable to the fact that glycine is a small molecule, like formic 
nd acetic acids, into which glycine may also be converted, and which are 
nown to enter into the biosynthesis of many complex compounds. ; 

When benzoic acid, or its salts, are included in the diet, glycine conjugates 
ith it to form hippuric acid. This is a ‘‘detoxicating action.”’ It occurs even 
rhen no glycine is present in the diet; hence glycine must be readily obtainable 
rom other amino acids and is therefore one of the dispensable amino acids. 
‘though a dispensable amino acid from the standpoint of its nonrequirement 
n the diet, the above facts indicate that it is definitely needed for many bio- 
ogical activities. / 

Alanine.—Alanine, by the general oxidative deaminati 


yyruvie acid. 


on reaction, forms 


CH,—CH(NH,)COOH + %0; > CH,—CO—COOH + NH, 


; 4 : : 
Alanine Pyruvie acid 


+ ge 
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Under the influence of L-amino oxidase this reaction proceeds very slowly, and 
it is doubtful if this is the major metabolic pathway for alanine. It was shown, 
however (page 367), that, by transamination, alanine can be converted into 
pyruvie acid, the same end-product as in oxidative deamination. Pyruvie 
acid is an intermediate in the metabolism of carbohydrates. Here is a 
very clear relationship between the proteins and carbohydrates. As has been 
seen, alanine, when fed to diabetic animals, is converted into glucose. In normal 
animals it is similarly converted, but is then utilized. 

Valine.—It has been shown that valine follows the common path of 
deamination, yielding the corresponding keto acid. 'Transamination would 
have the same result. Besides the fact that three of its five carbons are con- 
verted to glucose in the phloridzinized dog (Rose), little is known of its fate 
in catabolism. : 

Leucine and Its Isomers.—Leucine, isoleucine, and norleucine all undergo 
oxidative deamination or transamination to form the keto acid. (Norleucine 
is the straight chain isomer.) From the investigations of Coon and Gurin, it 
appears that the further degradation of leucine follows a break in the carbon 
chain between the 8 and y carbons. Both fragments yield acetoacetate. This 
was determined by administering leucine containing C™ in various positions 
in the molecule, or incubating it with liver slices, and discovering the exaet 
location of the tagged carbon of the acetoacetate formed in each ease. 


CH, 
| % 
CH, CH, CH, CH, CH; ., GHwCH, CH, C=O 
Seas as Lar A Bs | 
ie CH CH CH + CO, > CH, 
| | 
CH, >. CH 3 CH, : | boou 
| | | 
CHNH C=O COOH CH, CH, CH; 
[ | - | +] = | 
COOH COOH CO, COOH COOH C=O 
+ | 
NH, CH, 
| 
COOH % 
Leucine —a-Ketoisocaproie Tsovaleric Acetoacetic 
acid acid acid 


The fate of the acetoacetate acid will be discussed under fat metabolism, 
where it is a major product. This is another example of the interrelationship 
of protein, fat, and carbohydrate metabolism. Little is known of the path-- 
ways of degradation of isoleucine and norleucine beyond the keto acid stage. 

Serine.—The anaerobic deamination of serine has been demonstrated by’ 


Chargaff and Sprinson. In this ease the reaction differs from the general one : 
heretofore considered : 


CH,OH CH, CH, CH, 
\| | 
OHNE. — H,O C—NH, ——> CNS 1240) dad + NH, 
—> | —> | 
COOH COOH COOTI COOH 


Serine : : 
Pyruvie acid 
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ese investigators found the above reaction to occur in liver extracts. The 
sibility of the production of £-hydroxypyruvie acid by an oxidative deami- 
‘ion is not excluded. Both pyruvie acid and fB-hydroxypyruvie acid ean 
ily enter into metabolism, and pyruvie acid would likewise be formed in the 
nsamination of serine. Isotope experiments indicate that the carbon 
1in of serine can be converted to cystine (Stetten) (see page 386). Cystine 
li-cysteine, and cysteine has the same number of carbon atoms as serine. 

It will be remembered that serine is also a constituent of one of the phos- 
atides found in brain. Furthermore it can give rise to ethanolamine, which 
one of the constituents of another phosphatide. Thus we see links between 
tein and lipid metabolism. 


CH,OH 

| CH,OH 
CHNH, —> | 

| CH,NH, 
COOH 
Serine Ethanolamine 


rine also takes part in the biological synthesis of tryptophan in the mold 
urospora. 

Threonine.—Threonine is expected to be handled similarly to serine, 
ce it also is a hydroxy amino acid. 


CH,:CH,-CO:COOH 
a-Ketobutyric acid 





CH,CHOH:CH:COOH 
| 
NH, 
Threonine 


CH,-CHOH:CO:COOH 
a-Keto-8-hydroxybutyrie acid 


- an indirect method, another path for threonine has been indicated 
noop). It is an oxidation at the beta carbon, preliminary to a splitting 
the four-carbon chain in half. 


CH, CH, CH, Acetic acid 
son » bo + H,O GooH 
HNH,. dunn, CH,NH, Glycine 
boon doon COOH 
Threonine 


Phenylalanine and Tyrosine.—The animal body cannot synthesize the 
and these two aromatic amino acids are the chief source of iti 
in the body, and this ap- 
the reverse reaction is not 


nzene ring, 
od. Phenylalanine is converted to tyrosine 
ars to be the first step in its metabolism ; 
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possible for the body. No doubt this is the reason why phenylalanine is an 
indispensable amino acid and tyrosine is not. That is, phenylalanine may be 
used by the organism, whenever either one is needed, whereas tyrosine cannot 
substitute for phenylalanine. Because of this relationship, these two compounds 
will be considered together. 

By transamination tyrosine is converted to parahydroxyphenylpyruvyie 
acid and phenylalanine to phenylpyruvie acid. The further transformations 
of these two have been deduced by studying two ‘‘inborn errors of me 
tabolism.’’ This term is applied to any condition of abnormal metabolism 
affecting an individual from birth. In alcaptonuria and in tyrosinosis there 
is an inability to metabolize completely phenylalanine and tyrosine. The 
former is a hereditary disorder, occurring more frequently in men than in 
women. Homogentisie acid is formed, is excreted in the urine, and, on exposure 
to the air, is oxidized to a blackish pigment which darkens the urine. This is 
a very rare condition, but still more uncommon is tyrosinosis. In the latter dis- 
ease the aromatic amino acids are eliminated as tyrosine or as hydroxyphenyl- 
pyruvie acid. 

If tyrosine is administered to patients with aleaptonuria, the excretion 
of homogentisie acid is increased. This probably indicates that homogentisic acid 
is intermediate in the normal metabolism of tyrosine, but that in this curious con- 
dition the body cannot carry the breakdown further. In homogentisic acid there 
are two hydroxyls, neither of which is in the para position to the acetic acid radi- 
cal. How this rearrangement takes place is not known. 

In tyrosinosis, Medes found that there were excreted in the urine p-hydroxy- 
phenylpyruvie acid and its reduction product, p-hydroxyphenyllactie acid, and 
tyrosine and its oxidation product, 3,4-dihydroxyphenylalanine. Apparently 
there was difficulty in the early steps of tyrosine breakdown. That this was §0 
can be seen from the fact that feeding homogentisie acid to the patient resulted 
in the complete utilization of this compound. In other words, in tyrosinosis 
the introduction of a second hydroxyl group and the shift of the two hydroxyls: 
cannot be accomplished, but if such 2,0-dihydroxyphenyl derivatives are avail- 


able, they are catabolized. In aleaptonuria the early steps can be brought about 
but not the last ones. 


Normally phenylalanine is partly converted to tyrosine. This has been 
demonstrated repeatedly. Moss and Schoenheimer replaced a hydrogen of 
the benzene ring with deuterium and fed the labeled phenylalanine to rats. 
Labeled tyrosine was recovered from the tissue proteins. This reaction oceurs! 
in the liver of man, the enzyme requiring O, as well as DPN or TPN (see page! 
(405). Tyrosine is eatabolized according to the middle vertical column of page! 
381 by another enzyme system in the liver. Transamination is responsible for! 
the loss of NH, a-ketoglutarate being the acceptor. Vitamin C is a necessary 
factor. Phenylalanine is algo partly oxidatively deaminized to phenylpyruvie 
acid, which is then converted to p-hydroxyphenylpyruvie acid. (Udenfriend 
and Cooper; Cammarata and Cohen; Knox and Le May-Knox. ) 
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Metabolism of Phenylalanine and Tyrosine 





@indicates points of blockage in phenylpyruvic oligophrenia. 

*indicates point of blockage in tyrosinosis. 

tindicates point of blockage in vitamin C deficiency in human beings. ; 
tindicates point of blockage in aleaptonuria and in vitamin C deficiency in guinea pigs. 
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Another intermediate appears to be 2,5-dihydroxyphenylpyruvie acid. De- 
carboxylation and oxidation yield 2,5-dihydroxyphenylacetic acid, known ag 
homogentisic acid. The benzene ring is now opened, with the eventual forma- 
tion of fumarie and acetoacetie acids. (Knox and Le May-Knox; Rayvdin and 
Crandall.) Both phenylalanine and tyrosine are completely utilized by the 
normal body. 

Another interesting anomaly of metabolism is connected with phenylalanine. 
Foélling in Norway first observed that certain feeble-minded children excrete 
a considerable amount of phenylpyruvie acid. This, as has been seen, is an 
intermediate in the breakdown of phenylalanine but not of tyrosine. Since these 
children are otherwise metabolically normal, they ean apparently build phenyl- 
alanine into their body protein but cannot catabolize it in the normal manner, 
The biochemical error has been shown by Jervis to be an inability to introduce 
the hydroxyl group into the phenyl ring in the para position. Such patients can 
handle tyrosine, when fed, just as well as normal persons can. The condition is 
called phenylpyruvie oligophrenia. 

Experimentally, phenylpyruvic acid appears in the urine when extra 
phenylalanine is fed to rats having a thiamine deficiency. Thiamine, as cocar- 
boxylase, may be essential to the decarboxylation of all keto acids arising in 
metabolism from whatever source. Vitamin C also is involved in some of these 
transformations. If tyrosine is fed to guinea pigs deficient in vitamin C, homo- 
gentisie acid is excreted in the urine (Seabock and Silberstein). Similarly, in 
prematurely born infants on vitamin C-deficient diets, tyrosine and phenyl- 
alanine are not metabolized in a normal manner, p-hydroxyplhenyllactie acid 
and p-hydroxyphenylpyruvie acid being found in the urine. Since this is due 
to the absence of vitamin C, the administration of this vitamin restores metabo- 
lism to normal. ACTH (see page 627) has a similar effect, although it is not 
as effective as ascorbic acid, while the adrenocortical hormones have incon- 
sistent or no action, (Levine.) 


Another interesting phase in which tyrosine takes part is the production of 
certain pigments. Tyrosine is oxidized to dihydroxyphenylalanine, then to a red 
indole compound by an oxidizing enzyme, tyrosinase. This is subsequently eon- 
verted to a ‘‘melanin.’’ The melanins are brown or black pigments of ill-defined 
composition. They are deposited in the skin and hair and in the choroid coat of 
the eye, and their formation is aided by light; the production of freckles and 
tanning of the skin are common examples. In Addison’s disease, there occurs a 
bronzing of those portions of the skin exposed to light. This indicates that the 


adrenal gland has some relation to the formation of melanins. Melanins are 
also deposited in melanotie sarcomas. 


As will be seen, tyrosine constitutes an integral part of several hormones, — 
as well as other compounds of biological importance. It is possible that it owes 
much of its activity to its reducing action. Along with the sulfhydryl com- 
pounds, tyrosine is a reducing agent of considerable importance and derives this 
property from its hydroxyl group. Tryptophan also has a reducing action. 
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t is far more rapid that has been generally thought, particularly in the pres- 
nee of suitable buffers and at a pH and temperature approaching those found 
nder physiological conditions. 


Tryptophan.—The course of tryptophan catabolism is not entirely clear. 
n the mold Neurospora it can be synthesized from indole and serine, but it is 
uestionable whether any such synthesis occurs in mammals, since tryptophan 
3 an indispensable amino acid. Several intermediate compounds have been 
solated in experiments on animals. Kynurenie acid, a related compound, is 
ound in the urine of dogs, rabbits, and other animals. <A study of the effects 
f feeding tryptophan upon the formation of kynureniec acid has thrown some 
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Fig. 46.—Paths of tryptophan metabolism. 


ght upon the problem. Thus, when fed to rabbits, the amounts of kynurenine 
d kynurenic acid excreted are increased. Apparently the chief pathway 
tryptophan metabolism is through kynurenie acid, which is completely de- 
mposed by the organism. This is indicated by experiments in which several 
ammalian species were fed C*-labeled tryptophan, resulting in the isolation 
labeled kynurenine and kynurenic acid from the urine. (Heidelberger. ) 
owever, another path of metabolism is indicated in the biosynthesis of nico- 
nic acid from tryptophan. The amelioration of niacin avitaminosis may 0c- 
r if the proteins of the diet are improved in their tryptophan content. (See 
ge 291.) Consequently a partial source of this vitamin may be the pro- 
etion of it in the body from tryptophan. (Rosen.) The transformation 
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seems to be via kynurenine and 3-hydroxykynurenine. If pyridoxine is lack- 
ing in the diet, nicotinic acid is not formed, but xanthurenic acid results in- 
stead. Riboflavin also is needed for the nicotinic acid formation. (Axelrod; 
Porter; Mason.) (See Fig. 46.) It is interesting to note that patients suffer- 
ing from, or threatened with, eclampsia also have a deranged type of trypto- 
phan metabolism. If given a test dose of tryptophan, they excrete in the urine 
much larger amounts of xanthurenic acid than do normal pregnant or nonpreg- 
nant women under the same conditions. (Sprince.) An abbreviated scheme 
of the present ideas concerning tryptophan catabolism is given in Fig. 46. 
It will be noted that formation of kynurenine involves rupture of the pyrrole 
ring, with subsequent closure to form a new ring for kynurenie acid. 
Cystine and Cysteine.—Since these two amino acids are readily intercon- 
vertible, it is probable that they undergo similar reactions in the body. 


CH, —S—S— CH, CH, — SH 
| | .2H | 
CHNH, CHNH, —-> 2 CHNH, 
| | nate 
COOH COOH —2 H COOH 
Cystine Cysteine 


There is present in certain mammalian tissues an enzyme which rapidly converts 
cysteine to pyruvie acid, ammonia, and hydrogen sulfide. (Smythe.) 


CH,—SH CH, 

| 

fore + H,O Cysteine desulfurase O08 ON Hea 
> _ | 

COOH COOH 

Cysteine Pyruvie acid 


It is possible that this reaction can oceur to cystine while it is in peptide link- 
age, but only when it is at either end of the peptide chain. (Greenstein.) The 
formation of pyruvic acid accounts for the fact that cystine and cysteine are 
among the amino acids convertible into glucose. The sulfur may be excreted: 
as inorgani¢ or organic sulfate or as part of the unoxidized sulfur of the urime. 
Cysteine may also be oxidized, in the rat, to cysteinesulfinie acid, which is 
then decarboxylated to form 2-aminoethanesulfinie acid, which has been named 
‘“‘hypotaurine.’? Hypotaurine may be oxidized to taurine, or cysteinesulfinie 
acid may undergo transamination with pyruvie aeid, and eventually give rise to 
SO; (Chatagner and Bergeret; Awapara; Awapara and Wingo). Thus! 
it is seen how sulfates are formed from cysteine. A number of other reactions: 
have been demonstrated by Fromageot. Some of them are shown on the fol- 
lowing page. Instead of pyruvie acid, a-ketoglutaric acid may enter into the! 
transamination reaction, yielding glutamie acid. Besides taurine, other sulfur- 
containing compounds of physiological importance are also probably derived 
from cysteine or cystine. Among these are insulin, glutathione, and ergothi- 
oneine, 


Cystine occurs in the urine of certain individuals. . It is another ‘‘inborD 
error of metabolism,’’ and is hereditary. Persons suffering from this abnormal 
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ndition excrete this amino acid even on a protein-free diet. If cystine itself is 
ministered, they do not excrete it. This is also true of homocystine, the next 
zher homologue, and of glutathione. However, cysteine, homocysteine, and 
sthionine are excreted largely as extra cystine in the urine. ‘The explanation 
these facts is, perhaps, as follows: In eystinuria the body cannot oxidize 
steine to cystine. The cysteine therefore is carried to the kidneys. Here, 
wever, oxidation to cystine does oceur and this compound is excreted or de- 
sited as cystine crystals or cystine calculi. When cystine is fed, since it is 
ready oxidized to a state which this organism can handle, it can now be 
idized to sulfate. It has recently been found that cystinurics also excrete 
ginine, lysine, ornithine, and leucine in amounts far greater than normal. 
tein.) Whether or not this is related to the same enzyme deficiency, which 
responsible for the failure to oxidize eysteine is not known. 


Methionine.—Methionine can undergo oxidative deamination, or perhaps 
ynsamination, with the formation of the corresponding keto acid and ammonia. 
e subsequent fate of this residue is not known. There are, however, other met- 
lic pathways which are very interesting. Methionine is an indispensable 
ino acid, while cystine is not, and the former evidently can be changed into the 
ter, but cystine cannot be transformed into methionine. When methionine, 

taining isotopic sulfur, S*, was fed to animals, the isotopic sulfur was 
lated from the tissue proteins. By similar experiments the pathway was 
ieated to be: methionine to homocysteine, with the loss of a methyl group. 
e methyl group may be oxidized to carbon dioxide and water or may enter 
nsmethylation reactions. (See page 390.) Homocysteine then may be Oxi- 
ed to homocystine or be converted to eysteine, after having been coupled 
h serine to yield cystathionine as an intermediate product. The cysteine 
n may be oxidized to cystine. The further catabolic pathway of cystine is 
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the same as that deseribed when discussing that amino acid. The remainder 
of the molecule may be converted to a-ketobutyric acid as indicated. The 
enzymes responsible for the formation of cystathionine and for its cleavage 
have been found to require pyridoxal phosphate as their coenzyme. (Binkley,) 
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| | 
CH, CH, 
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acid 


Aspartic and Glutamic Acids.—The catabolism of these two dicarboxylic 
acids has not been worked out very well as yet. Under anaerobic conditions, 
succinic, fumaric, and malic acids have been found to arise from aspartic acid 
when it was added to minced muscle ( Needham). 


COOH COOH COOH COOH 
du, du, dn, CH 
dunn, duon du, OH 
doox door doou doon 
Aspartie acid Malice acid Succinie acid Fumarie acid ; 


Anaerobically, one would expect ketosuceinie acid (oxaloacetie acid) to _ 
intermediate in the catabolism of aspartic acid. Glutamie acid also gives I 
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) succinic acid anaerobically, but by oxidative deamination it is transformed 
to a-ketoglutarie acid. (von Euler; Olson and Anfinger.) 








COOH COOH COOH 
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GH: CH; CH, 
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CH, ———> CHE ——— CH, 
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ransamination (see page 366) also converts glutamic acid into a-ketoglutaric 
id and aspartic acid into oxaloacetie acid. Both of these amino acids yield 
ucose in diabetic animals and in each case three carbons are so utilized. 
oth bind ammonia, forming acid amides, and because of this are of im- 
yrtance in ammonia transport, and also in ammonia formation. 


COOH CONH, 
| | 
CH, CH, 
+ NH, | 
H, ro CH, + H,O 
St A | 
CHNH, Glutaminase CHNH, 
| 
oan COOH 
Glutamie acid Glutamine 


lutaminase, the enzyme which can effect this reaction, is present in kidney, 
rain, and retina. The corresponding acid amide of aspartic acid is asparagine. 
Lysine.—This diaminomonocarboxylic acid is in a class by itself. It is 

ie only amino acid which, when once present in tissues, does not exchange its 
itrogen with other amino acids circulating in the body fluids. When lysine 
fed, however, it can give up its nitrogen to those present in the tissues just 

-the others do, but if it has lost its nitrogen, it cannot be reaminated. Since it 

n contribute its nitrogen in the direction just mentioned, it is evident that it 
deaminated but just how it is deaminated is not known. The nonnitrogenous 
sidue does not yield either glucose or acetoacetic acid. The metabolic route 


ay be the following: 


H,C*—NH, C*OOH C*OOH C*OOH 
CH, bu, bu, CH, 
br, > bu, — ber, -> CH, 
dur, doe, CH, CH, 
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Using lysine containing an e¢-labeled carbon, Borsook and his group found 
that guinea pig liver converted it in vitro to a-aminoadipic acid. When the latter, 
similarly labeled, was the starting point, it was oxidatively deaminated to a-keto- 
adipie acid, which was then oxidatively decarboxylated to glutaric acid. 

Arginine.—It has been seen how arginine takes part in the formation of 
urea, yielding ornithine. It is unlikely that all of the ornithine thus formed 
continues in that cycle. It may be converted to proline (see page 389). An- 
other suggestion is that it yields suecinie acid. At any rate, both arginine and 
ornithine yield glucose in the diabetic animal, and succinic acid logically should 
be an intermediate. Arginine, as will be seen, also contributes to the synthesis 
of creatine. 

Histidine.—Histidine is a most interesting compound and furnishes a 
number of problems. Its metabolic fate is by no means settled. When fed or 
injected, only traces of it are excreted, and yet when imidazole itself is ad- 
ministered most of it is eliminated. 


H—C =— C—CH,°CHNH,:COOH HC — CH 
| 
t a N NH 
Xo sae al 
C C 
H I 
Histidine Imidazole 


An enzyme, histidase, which opens up the imidazole ring only in histidine, but 
not in imidazole, is found in the liver and other organs. 

Since glutamic acid, ammonia, and formie acid are formed as final produets 
of histidase activity, and since urocanie acid has been found in the urine after 
injection of large quantities of histidine, the path of metabolism of this amino 
acid may be the following: (Sera and Yada; Tabor and Hayaishi; Abrams 
and Borsook) : 


HCOH —_= HCOOH 
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1 . . . » . . . . . b | 
The L-amino acid oxidase of rat liver and kidney also attaeks histidine with 
the formation of the keto acid and ammonia. | 


During pregnaney large amounts of histidine are excreted in the urine 
This occurs from about the fifth week of pregnancy until a few days p 
partum. The absence of histidase from the liver during this period accoun 
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or this phenomenon, and the explanation given is that nature thus provides the 
etus with a superabundance of this indispensable amino acid. 


The formation of histamine from histidine by intestinal bacteria has been 
escribed (page 250). It is also formed in certain tissues by the action of 
istidine carboxylase. Histamine has a vasodilating action, thereby lowering 
lood pressure, and also is a powerful stimulant to gastric secretion. Conse- 
uently the regulation of its concentration is quite essential. Histamine is 
estroyed by histaminase, an enzyme occurring in most tissues. A notable ex- 
eption is the lungs and, consequently, large quantities of it accumulate there. 

Two dipeptide derivatives of histidine are found in muscle. Carnosine 
; beta-alanyl histidine and anserine is beta-alanyl-methyl histidine. Their roles 
re not understood. ’ 

Proline.—Malherbe and Krebs, after incubating kidney tissue with proline, 
ound alpha-ketoglutaric acid, ammonia, and a substance believed to be 
lutamine. If proline 
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ther evidence in favor of this is the fact that both proline and glutamic acid 


e glucogenic. 


Hydroxyproline may be catabolized by 
a slight extent, because hydroxyproline is not a glucose former. 


the same route, but if it is, it is only 


On the con- 


ry, it gives rise to acetoacetic acid in the diabetic organism. 
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The proline ring can also be opened by the a-amino acid oxidase previously 
mentioned. In this case a-keto-5-aminovaleric acid is produced. This method 
of handling proline is also shown on the scheme (above). | 

Proline and ornithine are readily converted into each other in the body, 
(Stetten and Schoenheimer; Shemin and Rittenberg, 1945.) Thus, another 
metabolic route is seen; that is, proline may yield ornithine for urea synthesis, 
or ornithine may be broken down via proline. 

Transmethylation—The discovery of the transfer of methyl groups from 
one compound to another is one of the recent great advances in biochemistry, 
We owe this mostly to du Vigneaud and co-workers. These relationships have 
a bearing on fat metabolism, sulfur metabolism, and creatine metabolism. At 
the moment, of particular concern are sulfur and creatine metabolism. 

The occurrence of methylated compounds has long been known, as well as 
the recognition of their peculiar importance in physiology. In fact, Hofmeister 
in 1894 proposed a hypothesis which has now been largely substantiated. He 
suggested that the body is unable to manufacture methyl groups and conse- 
quently must obtain them in the diet. As will be seen, this is not quite true, 
since methyl groups can be synthesized by the organism if conditions are 
favorable. Once absorbed, the methyl group may be transferred from one 
compound to another as a unit but only to and from certain compounds and 
not indiscriminately. This does not depend upon the methyl group, whieh 
has but one form, but upon the entire molecule. Certain compounds are 
methyl donors, the chief of which are choline, methionine, and betaine. The 
‘labile’? methyl is attached either to a nitrogen or a sulfur atom in their 
molecules. The fact that a methyl group is removable from a compound 
does not necessarily mean that it is ‘“‘labile’’; i.e., transferable to another 
compound. Sarecosine, CH,NH(CH,)COOH, may lose its methyl group in the 
body, but this does not seem to be available for transmethylation reactions 
except to a very slight extent. 

The starting point is the fact that although methionine is an indispensable 
amino acid, young animals will erow on a methionine-free diet, containing homo- 
cysteine, provided choline or betaine is also present. Choline and betaine both 
contain methyl groups, and the explanation is that their methyl groups are labile | 
and are easily transferable to homoeyteine, to change this amino acid to) 
methionine. Sinee homocysteine alone would not permit growth, it was inferred — 
that the animal organism is incapable of generating methyl groups for this: 
methylation. By providing the suitable constituents, the “indispensable” amino ¢ 
acid is synthesized by the body. This was later substantiated by isotope eX-- 
periments. If choline, containing deuterium in the methyl group, was fed 10? 
animals along with homoeysteine, the methionine isolated from the proteins of 
the animal’s tissues was found to contain deuterium, 

The reverse process also occurs. This was proved by feeding methionine con- 
taining deuterium in the methyl group to animals. On a diet free from choline 
and ordinary methionine, the administration of ‘“deuteriomethionine’’ led to the 


NITROGEN METABOLISM 391 


scovery of choline containing deuterium in the tissues. The methyl group had 
en used to form new choline. Furthermore, some had also been used to form 
eatine. (See page 396.) The demethylation of methionine is, therefore, a 
versible reaction. <A similar experiment has been performed on man, thus 
owing that transmethylation reactions also take place in the human organ- 
m (Simmonds and du Vigneaud). 


Since the methyl group of methionine can be used to form creatine, the 
ssibility was suggested that choline’s methyl group might similarly be used. 
otope experiments proved that this could occur. ‘‘Deuteriocholine’’ given to 
imals on an otherwise choline-free, methionine-free diet was found to result 
the presence of creatinine containing deuterium in the urine. 


In transmethylations the substance yielding the methyl group is called the 

ethyl donor and the one receiving it is the methyl acceptor. For the synthesis 
choline, ethanolamine is considered the methyl acceptor. Feeding of this 

mpound, labelled with N*, resulted in the formation of choline containing 
© (Stetten.) In the synthesis of methionine, homocysteine is the methyl 
ceptor, and in creatine synthesis glycoeyamine (guanidoacetic acid) fune- 
ymns in the same way. Creatine does not become a source of methyl groups 
hen it is present in the diet or when it is formed in the course of a trans- 
ethylation. 

The labile methyl group can also be synthesized by the animal. This has 
en demonstrated by giving animals D.O in their drinking water and finding 
uterium in some of the choline of their tissues. (du Vigneaud, 1950.) © Since 
e animals were raised in the absence of bacteria, synthesis by microorgan- 
ms was ruled out. Vitamin B,, and folic acid are involved in this synthesis, 
id it is quite probable that the absence of a sufficient quantity of these vita- 
ins in the diet was responsible for the inability to achieve the biosynthesis 
methyl groups in the work previously mentioned. However, very young 
imals do not possess this capability, and the biologically labile methyl groups 
e placed in a position analogous to that which arginine holds among the 
sential amino acids. They can be synthesized but not at a rate rapid enough 
r the welfare of the young animal. 

The labile methyl group may be produced by the body from a variety of 
mpounds. Following the discovery by Sakami, that C'4-methyl-labeled ace- 

e, after administration to rats, resulted in the C' being placed as a B- 
rbon of serine, the reverse reaction was attempted by Arnstein. He found 
at serine carrying a tagged B-carbon yielded choline bearing tagged CH, 
oups. Other effective precursors are formaldehyde, formate, methanol, and 
le a-carbon of glycine. In other experiments it was discovered that acetone, 
cosine, histidine, and tryptophan, in their metabolic reactions, either yield 
thyl groups directly or one-carbon units which are easily converted into 
thyl groups. Methyl groups from these sources, or from choline or betaine, 
y be transferred to form methionine. It is possible that choline acts only 

irectly as a methyl donor, in thatgat must first be oxidized to betaine. 


ue 


NA 
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(Dubnoff; Muntz.) Folic acid and cobalamine may aid in these methyl group 
syntheses and transfers. For such transfers not much energy is required, and 
hence ATP is not involved. 

On the other hand, ATP participates in those transmethylations in which 
methionine is the donor. Here ATP first converts methionine into “‘active 
methionine.’’ 


GSH 
Methionine + ATP -——> Active methionine + Orthophosphate 
Mg*+ 
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Fig. 47.—Transmethylation reactions. 


Active methionine is S-adenosylmethionine: 








N——_C—_NH, 

| | 

HO. O0——NY 

| OH + 
N=—0—_N+——_CH—CHOH—CHOH—CH—CH,—S—CH,— CH, _CH—C00- 





1 
Fem ete Gers 3 bn, Xn, 
Once in this form methionine can act as a methyl donor, even in the absence! 
of ATP. (Cantoni.) Some of the transmethylation reactions discussed are! 
shown schematically in Fig. 47. 
Probably other methylated compounds derive their methyl groups from 
such reactions. These compounds inelude adrenaline, ergothioneine, and al- 


serine, as well as N’-methylIniacinamide, the form in Whisk some of the niacin 
is excreted in the urine. 
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Besides its role as promoter of growth in the presence of homocysteine and 
sence of methionine, the labile methyl group has other effects. It has a lipo- 
opie action; that is, it inhibits fatty liver formation under certain circum- 
ances. It prevents perosis, or ‘‘slipped tendon disease,’’ in chicks and hemor- 
lagic degeneration of various organs. Thus labile methyl groups resemble 
10line in function (see page 304) and, of course, the reason is obvious—choline 
an important source of labile methyl groups. The labile methyl group of 
ethionine can be oxidized to CO,. Methionine, containing C"* in the methyl 
roup, was fed to a rat with the result that some of the expired CO, contained 
*. (Mackenzie, 1947.) It is probable that excess labile methyl groups from 
lis and other methyl donors are taken care of in this way. 


CREATINE AND CREATININE 


Creatine is methyl guanidine acetic acid and creatinine is its anhydride. 
heir close relationship and the formula for phosphocreatine are shown below. 


H 
, | / OH 

NH, Acid NH N=P—O 

“ es 7 aN Sf \OH 
C=NH ——. C=NH C=0 C—=NH 

Pa Alkali x f \! 

N—CH,COOH N—CH, N—CH,:COOH 

| 
CH, CH, CH, 
Creatine Creatinine Phosphocreatine 


The conversion of creatine to creatinine by acid is a quantitative reaction 
1d is the method used when estimating this substance, since creatinine is easily 
eptermined. The reverse reaction is not quantitative. Phosphocreatine, or 
10sphagen, is a creatine derivative containing labile, or energy-rich, phosphate 
id yields energy during muscle contraction. The physiological relations be- 
veen creatine and creatinine have puzzled biochemists for many years and al- 
ough many facts concerning them are now known, there is still a great deal 
hich is obscure. About 120 Gm. of creatine and phosphocreatine is present 
1 the human body, mostly in the muscles. Very little creatinine is found there. 
either creatine nor creatinine has been found among the hydrolysis products 

any protein. Consequently their origin presents a problem. A small part 

it has just been considered under transmethylation; i.e., the origin of the 
ethyl group. We should, however, inquire into the normal and pathological oc- 
rrence of both compounds and their behavior when administered, as well as 
y other available pertinent facts. 

Since creatine is present in muscle tissue, and is water soluble, it will be 

und in meat, meat gravies, meat soups, and meat extracts. Phosphocreatine is 
easily hydrolyzed to creatine and phosphoric acid that no phosphocreatine 
such is present in our food. Children regularly eliminate creatine in their 
ine in larger amounts than do adults. It was formerly believed that normal 
ult males excrete no creatine in their urine but that normal adult women 
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exerete moderate amounts at irregular intervals. This has been the subjeet 
of controversy, but now, according to Wilder and Morgulis, creatine must be 
recognized as a normal component of the urine of healthy men. It constitutes 
about 6 per cent of the total creatine-creatinine output; ie., about 60-150 mg, 
per day. Most women excrete about twice as much as men, and much more 
irregularly. In about 20 per cent of females the excretion of creatine does 
not exceed that of the male. During pregnaney the output of creatine in- 
creases, and for two or three weeks post partum it is found in even greater 
amounts than previously. The probable explanation for most of these facts 
is that the reaction ; 
Creatine — Creatinine 


takes place in the muscles and does so only when the muscles are function- 
ing efficiently. The adult musculature is ordinarily more efficient than 
that of the child. In pregnaney, a large amount of uterine muscular tissue 
is formed and is not functioning; and post partum the reduction of this tissue 
may release creatine stored up there. However, the same increased creatine out- 
put occurs after cesarean section and removal of the uterus. The output of ere- 
atine is also greater in starvation, carbohydrate deprivations, diabetes, hyperthy- 
roidism, fevers, and malnutrition. In all of these conditions there is an increased 
catabolism either of muscular tissue or of tissue proteins in general. Diseases 
peculiar to the musculature frequently are accompanied by creatinuria. In my- 
asthenia gravis it is not always found, and in myotonia congenita, it is seldom 
found, but in dystrophia myotonia (progressive muscular dystrophy) and in 
amyotonia congenita, creatine invariably appears in the urine. Creatine elimi- 
nation is greatly increased in rheumatoid arthritis but not in osteoarthritis. 
(Granirer. ) 

The relationship of creatine to creatinine was investigated at an early date 
by feeding creatine to animals. The first trials seemed to indicate that creatine 
was not converted to creatinine in the body. Rose and Dimmitt fed doses of 
10 or 20 Gm. of creatine to men and found increases in urinary creatinine of 
only about 0.2 to 0.5 Gm., the bulk of the creatine being eliminated unchanged. 
Administration of creatinine, however, did not lead to a formation of creatine, | 


and most of the creatinine was exereted. No urea was formed from either com- - 
pound. It is evident that the reaction 


Creatine — Creatinine 


in the body is not reversible. This was corroborated by Benedict and Osterberg | 
who fed a dog small amounts of creatine daily for seventy days. Appreciable! 
amounts of creatine began to be excreted after ten days, and ‘‘extra’’ creatinine | 
appeared after a week of creatine feeding. The creatinuria occurred as long! 
as the feeding continued, but the increased elimination of creatinine persisted | 
much longer. Almost half of the creatine fed could not be accounted for. The 
experiment therefore indicates that although creatine is converted to creatinine 
in the body, this is not the only pathway for its catabolism. Isotope experiments 
have given more direct evidence of this relationship. Bloch and Schoenheimer 
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fed small amounts of creatine containing N™ to adult rats. This N'° was found 
0 be present in the creatine of muscle and internal organs, as well as in urinary 
‘reatinine. In a second series, the tissue creatine was tagged with isotopic 
1itrogen by feeding isotopic creatine during a preliminary period. Then, when 
reatine feeding was discontinued, the isotopic content of the urinary creatinine 
vas identical with that of the body creatine. These facts indicate (1) that 
reatine in the diet can be absorbed and replace the creatine of the tissues and 
(2) that, on a ereatine-free diet, the tissue creatine is the sole source of urinary 
reatinine. When isotopic creatinine was fed, however, no isotopic nitrogen was 
found in the tissue creatine, again emphasizing the fact that the reaction, 
sreatine — creatinine, is biologically irreversible. 

Creatinine is always present in the urine. It is an end product of creatine 
netabolism. The daily output on a creatine-creatinine free diet is almost con- 
stant for a given individual, and the amount in milligrams excreted per day per 
silogram of body weight is called the creatinine coefficient. The creatine present 
nm the urine should be added to the creatinine. For most normal men the cre- 
itinine coefficient will vary between 18 and 32 with an average of about 25, and in 
women the normal range is between 9 and 26 with an average of about 18. Chil- 
dren have lower values. In general, the better the muscular development, the 
higher the creatinine coefficient. Consequently obese individuals are likely to 
have low coefficients because much of their weight is not muscle. This indicates 
that every individual has a characteristic creatine-creatinine turnover dependent, 
in a general way, on the amount of functioning muscle tissue but independent 
of the degree of muscular activity. Lindquist has found that when phospho- 
ereatine is hydrolyzed in vitro at 38° C., about 10 per cent is converted into cre- 
atinine. This led him to surmise that in the living organism a part of the phos- 
phocreatine similarly spontaneously goes to form creatinine ; hence the fact that 
the daily output of creatinine varies with the total amount of musculature. The 
reaction of phosphocreatine, resulting in the transfer of energy-rich phosphate 
to some acceptor, does not yield creatinine, and this harmonizes with the fact 
that the creatinine output is not related to muscular activity. 

The creatine content of the body is derived, in part, from creatine in the 
diet. Any creatinine in the diet, of course, cannot be utilized as such. However, 

has been said, on a creatine-creatinine free diet there is a constant output of 
reatinine. This indicates a synthesis of creatine by the body. How does this 
rise? We cannot even touch on the many earlier experiments in this field. 
uffice it to say that Bloch and Schoenheimer by isotopie experiments have very 
eautifully elucidated the mechanism, although it must be said that many 
nvestigators had previously brought evidence tending in the same direction. 
Feeding a number of possible precursors containing N?®, they found that 
rginine and glycine are the only natural amino acids investigated so far which 
re precursors, to any considerable extent, of creatine. Each of these two sup- 
lies nitrogen to different parts of the creatine molecule, as the scheme below 
hows. As has been seen, the methyl group may be derived from either 


ethionine, choline, or betaine. 
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From From From methionine 
proteins arginine or choline 
J J 1 
NH, NH, NH, NH, 
| +h J peer tert ot + CH, | 
CH,COOH =NH In kidney C=NH ————> C=NE 
| | In liver | 
NH N—CH, 
| | 
CH,COOH CH,COOH 
Glycine Amidine Guanidoacetie acid Creatine 
group or glycocyamine 


Very small amounts of isotopic creatine were found to arise after feeding 
isotopie ammonia, leucine, tyrosine, and glutamic acid. Apparently these are 
indirect creatine precursors, since their nitrogen is transferred to the amidine 
group of the arginine of proteins, which in turn is shifted to glycine to form 
olycocyamine. 

To summarize creatine and creatinine metabolism : 

1. Creatine is an essential physiological constituent of the body. Under 
conditions of maximum muscular efficiency it is not excreted as such. 

2. Creatine is converted into creatinine physiologically. The amount of 
creatinine excreted is fairly constant and bears some relation to total muscula- 
ture. 

3. Tissue creatine may be obtained from food creatine but is largely 
synthesized. Glycine and a fraction of arginine unite to form glycocyamine; 
then methyl groups are added to complete the synthesis. 

4. Creatinine is a waste product and is not converted to creatine. 


PURINE AND PYRIMIDINE METABOLISM 


Since the purines and pyrimidines enter the body chiefly as constituents of 
nucleie acids, and occur in the body mainly in that form, this discussion is in a 
large sense a study of nucleic acid metabolism. In fact, purine metabolism 
parallels that of the nucleic acids so closely that ‘‘purine metabolism’’ and 
“nucleic acid metabolism’’ are almost synonymous. 


Nucleoproteins are conjugated proteins composed of one or more protein 
molecules united with nucleic acid. When they are ingested in food they under- 
go the following disintegrations: 


Protein ~—» Protein digestion products 
Proteases ia 


Nucleoprotein 
+ 
H,PO, 
Nucleic acid —> ie, 
Purines 
Pyrimidines 


The nucleic acids are, accordingly, composed of phosphoric acid, pentoses, 
purines, and pyrimidines. The protein component varies with the species as 
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ell as with the tissue in which it occurs and may yield a considerable amount 
- the basic amino acids on hydrolysis. The nucleic acids, however, seem to be 
two main varieties, ribose nucleic acid and desoxyribose nucleic acid, origi- 
ully called yeast nucleic acid and thymus nucleie acid, respectively. Although 
was formerly thought that the former occurred only in plant tissues and 
le latter only in animals, this has been shown to be incorrect. The two nucleic 
ids differ in their pentose constituents and in part of their pyrimidine constitu- 
its, as shown as follows: 


HYDROLYTIC PRODUCTS OF 


RIBOSE NUCLEIC ACID DESOXYRIBOSE NUCLEIC ACID 
Phosphoric acid Phosphoric acid 
D-Ribose Pentoses D-2-Desoxyribose 
Adenine Adenine 

3 Purines ’ 
Guanine Guanine 
Cytosine Cytosine 

‘ Pyrimidines 
Uracil 7 Thymine 


esoxyribose nucleic acid is found in the chromatin of the cell nucleus, whereas 
bose nucleic acid is present in cell cytoplasm and also in the plasmosome 
nucleolus). They may easily be distinguished chemically. One test, the Feul- 
en test, consists of a mild hydrolysis with HCl and subsequent treatment with 
duced fuchsin. If desoxyribose is the sugar split off, it will produce a red 
lor with the dye, whereas ribose will not. Another pyrimidine, 5-methyl- 
ytosine, has been found in small quantities in some nucleic acids, and it is 
uite possible that other purines, pyrimidines, or pentoses will be discovered 
s research continues. 

Structure of the Purines and the Pyrimidines.—At this point the struc- 
ural formulas for the pyrimidines and purines of the nucleic acids, as well as 
or the other physiologically important purines, will be given. The pyrimidine 
nd purine nuclei are first given, with the nitrogen and carbon atoms numbered 
or convenience in designating where various groups or atoms are placed. 











1 N=CH 6 Je Ne=——C HiaG 
akg) 
7/7 
2 He & 5 2 H—C ee ee 
ed fre fine ret hs 
heal) ai A 
3 N—CH 4 3 N—C—N 
4 9 
Pyrimidine Purine 









will be noted that the pyrimidine ring forms a part of the purine ring (1 to 
*). This is of interest in view of the fact that both types of substance con- 


itute parts of the nucleic acid molecule. 


: i PL ar 

ce suggested system of numbering the pyrimidines, nitrogen 

i tat as nitrogen eeend numbering is in a clockwise manner. The new numbering a Aeris 

ir used in the third edition of this textbook, but since it has not been generally adopted in 
ochemical literature, the older system is again being given. 
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The pyrimidines of the nucleic acids are cytosine an 

we Be hp ee Ae eee rok eee rit 2 6-dioxy-5-meth L 

midine), uracil (2,6-dioxypyrimidine), and thymine (2,6 dioxy-) ylpyri 
midine, or 5-methyl uracil). 





N= C—NH, HN — C=O ar hak a 
Oe é br (Ve é baz O0= é C — CH, 
HN — bs HN _ ba HN — tbr 
Cytosine Uracil Thymine 


Both of the purines, adenine and guanine, are found in all nucleie acids, 
Adenine is 6-aminopurine, and guanine is 2-amino -6-oxypurine._ 


N = C—NH, HN—C=o0 
—C C—N NH,—C C— C—N 
\ \ 
CH CHI 
of ' Vi 
N — C—NH N—C—€— NH 
Adenine Guanine 


The other purines, of prime importance physiologically, are hypoxanthine, 
xanthine, and uric acid. Hypoxanthine is 6-oxypurine, xanthine is 2,6-dioxy- 
purine, and uric acid is 2,6,8-trioxypurine. 




















HN—C=0 HN —C=O0O HN—C=0 
HCG C—N C— O=C C—-NH 
\ oe 
CH G1) 
va 
N—C—NH ie ar: HN —C—NH 
Hypoxanthine Xanthine Uric. acid 


The oxypurines may also be written in the enol forms, which are in equilibrium 
with the keto forms; thus: 


HN—C=0O 











N = C— OH 
| | 
O=C C—N = HO—C C —N 
\. \ 
CH CH 
| eee: ZL 
HN —C—NH (IY 
Xanthine (keto) Xanthine (enol) . 


Structure of the Nucleic Acids. —Appropriate enzyme 
acid into four different ‘‘nucleotide’? units. 
acid ester of a “nucleoside, ’ 


Ss can split nuclei¢ 
Kach nucleotide is the phosphorie 
and each nucleoside is a pentose derivative of one of 
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1e previously listed purines or pyrimidines.* Diagrammatically, a tetranucleo- 
de, which was long thought to be the structure of the nucleic acids, is as follows: 
Nucleotide unit 


i 
Phosphoric acid — Pentose — Pyrimidine | 


| Phosphoric acid — Pentose — Purine | 


| 
| Phosphorie acid — Pentose — Pyrimidine | 
| 


| Phosphoric acid — Pentose — Purine | 


Nucleoside unit 
Diagram of Structure of a Tetranucleotide 


1 the purine nucleotides the pentose is joined to the nitrogen at position 9 of 
1e purine and the phosphate is usually on carbon 3 of ribose, or carbon 5 in 
1e case of desoxyribose. Thus a typical purine nucleotide is guanine-ribose- 
ucleotide, or guanylie acid, with the formula: 














HN—C=0 
O 
| 
wc, C= N BO? == 08 
\ ()—|——_ 
| CH | OH O H 
Noy ot | | aa 
N= C—N Cees Coe ae es 





eek 


n the pyrimidine nucleotides the sugar is joined to nitrogen number 1, and, 

gain, the phosphate is probably on the number 3 ¢arbon of the pentose. 
The nucleosides and nucleotides are named for the particular purine or 

yrimidine present; for example: 

Adenine nucleoside: Adenosine 

Adenine nucleotide: Adenylic acid 

Guanine nucleoside: Guanosine 

Guanine nucleotide: CGuanylic acid 

Hypoxanthine nucleoside: Inosine 

Hypoxanthine nucleotide: Inosinie acid 

Uracil nucleoside: Uridine 

Uracil nucleotide: Uridylie acid 

Thymine nucleoside : Thymidine 

Thymine nucleotide : Thymidylie acid 

The nucleotides are linked together by phosphoester groups; i.e., the phos- 

roup of one nucleotide joins with the hydroxyl group of the sugar 











horic acid g 
f the next nucleotide. 

*The use of the terms “nucleoside” and “nucleotide” has rather generally been extended 
yond the definitions implied in the text. Schlenk suggests as a definition of nucleosides, 
-glycosides of naturally occurring bases, the carbohydrates being D-ribose, ‘D-2-desoxyribose, 
some closely related sugar.” The nucleotides are the phosphoric acid esters of the 
cleosides. 
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The molecular weight of a typical ‘‘tetra-nucleotide”’ is 1,286. Using dif. 
fusion, ultracentrifugation, and other methods, it has been found that the molee- 
ular weights of nucleic acids vary from once or twice 1,286 up to 1,000,000 i 
more, depending upon the source and the method of isolation of the prepara- 
tion. It is therefore probable that the nucleic acids are highly polymerized 
tetra-nucleotides. The exact method whereby the units are linked together 


not known. (Tipson.) 










The earlier work, which led to the proposal of the above formula, was based largely 
on the supposed equimolecular distribution of the four purine and pyrimidine bases. Mod 
techniques have demonstrated that this is not always the case, and therefore the tetranucleoti 
formula shown above may not be the correct one. (Schlenk.) For example, there is e 
dence to indicate that the ribosenucleic acid, derived from yeast, may consist of long chai 
of purine nucleotides linked to long chains of pyrimidine nucleotides. (Schmidt.) It- 
even possible that the two general types of nucleic acids may be quite different in arch. 


tecture. J 


After nucleic acid is liberated from food nucleoprotein in the intesti 
tract by proteases, it is depolymerized and split into its constituent nucleotid 
by a nucleinase found in the small intestine. The nucleotides are attacked by 
nucleotidases, yielding phosphoric acid and purine nucleosides or pyrimidine 
nucleosides. The nucleotidases are phosphatases, which are not specific for these 
particular substrates. Nucleosidases split the nucleosides into their purine 
or pyrimidine and carbohydrate components. Kalekar has presented evidence 
that the nucleosidase reaction is not hydrolytic but phosphorolytie; thus: 


Ribose-1-purine + phosphate < ribose-1-phosphate + purine 
Purine nucleoside 


These enzymes are more correctly termed ‘‘nucleoside phosphorylases.’’ All 
of the enzymes mentioned are present either in intestinal juice or in the 
intestinal mucosa. The result, however, is the breaking down of the nucleic 
acids into their constituents—pentoses, phosphoric acid, purines, and py- 
rimidines—in the small intestine. It is quite probable that the nucleopro- 
teins of the cells break down to some extent in a similar way, but of this we 
are not sure. If so, purines and pyrimidines would be released and would be 
subjected to the same reactive agents as those derived from foods. 

The adenine and guanine, formed from nucleic acid digestion, are absorbed 
and the adenine is utilized, in part, for the synthesis of nucleic acids in the | 
tissues. This has been demonstrated by feeding this purine, labeled with iso- 
topie nitrogen in its pyrimidine ring, to rats and isolating the nucleic acids and 
other related products after a suitable interval. Some of the adenine was con- 
verted to guanine. Labeled dietary guanine was not incorporated into body 
nucleic acid to the same extent that adenine was. Apparently nucleic acid 
guanine arises in intermediary metabolism.  ( 3rown.) In fact, it has been 
shown that the body does not require preformed purines or pyrimidines in the 
diet for the production of tissue nucleotides. 

The next problem is the fate of adenine and guanine. Although am 
adenase is present in low concentration in the tissues of some mammals, it i 
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bsent in man. Since adenine is not excreted, Rose has suggested that it is 
robably deaminized while still combined as a nucleoside. 


The following 
athway has been suggested by Christman: 


Adenosine Guanosine 
Adenosine Nucleoside 
deaminase phosphorylase 

Tnosine Guanine 
Nucleoside 
phosphorylase Guanase 

Xanthine 
Hypoxanthine ———— Xanthine 
oxidase 
Xanthine 
oxidase 
Uricase 
Allantoin ——— Uric acid 


uanase is a deaminase which catalyzes the conversion of guanine to xanthine 
di . . . . . 
y hydrolytic deamination. The reaction is shown below. 


HN—C=0O HN — C=O 

















NH, C—N + H,O O=C C—N +) NE: 
yt amare \ 
| | CH CH 
w bt 
N—C—NH HN —C—NH 
Guanine Xanthine 


‘anthine oxidase is one of the enzymes containing riboflavin. It is a dehydro- 
enase and oxidizes by transferring hydrogen to a hydrogen acceptor. The 
eaction with hypoxanthine is as follows. The same enzyme oxidizes xanthine 
© uric acid in an analogous manner, and uric acid is oxidized by uricase to 
llantoin. 











HN—C=O HN—C=0O HN —C=O 
| | AY | | | | 
HC C—.N + H,O Cc C—N Xanthine O=C C—N + 2H 
\ o-_ HO \ ——> \ 
| CH CH Oxidase CH 
*le fd T & rat 
N—C— NH HN — C—NH HN —C—NH 
Hypoxanthine Hydrated Xanthine 
hypoxanthine 


Jlantoin is an end product found in the urine of many animals but not in 
t of man or the anthropoid ape. 

On a diet rich in nucleoproteins or purines the uric acid content of the 
rine is much higher than ordinarily. Such a diet is one which includes meat, 
articularly liver and other glandular meats, meat extracts, | and certain 
getables, such as legumes, mushrooms, and spinach. The conversion of dietary 
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purines to uric acid is not quantitative, however. Probably there are other cata- 
bolie routes for the purines than those now known. This problem has recently 
been studied with the aid of isotopically marked urie acid. If such uric acid 
is injected into a person, and the concentrations of total and tagged uric acid 
in the blood are followed for several days, a number of interesting facts are 
brought out. For example, it was calculated that the uric acid synthesized 
per day was about 150 mg. more than the amount excreted, indicating that 
this amount had been destroyed. More recent experiments showed that about 
78 per cent of injected uric acid was excreted unchanged in the urine. Of the 
remainder, most was degraded to urea, a small amount to ammonia, and some 
was excreted in the feces. (Wyngaarden and Stetten.) The normal “‘urie 
acid miscible pool,’’ i.e., the total urie acid with which the isotopic uric acid 
can mix, amounts to about 1200 mg. In gout this is increased three to twenty- 
five times, an amount undoubtedly greater than could be in aqueous solution 
in the volume of body fluid available. It is therefore concluded that the outer 
layers of the gouty uric acid deposits, or ‘‘tophi,’’ are a part of this pool. It 
is suggested that this large increase in uric acid in gout is a result of increased 
purine synthesis. (Stetten.) 

The urinary exeretion of uric acid by human subjects is partly regulated 
by endocrines. The administration of 11-hydroxysteroids of the adrenal cor- 
tex, or of ACTH (see Chapter 23), causes an increase. It is not known whether 
this is due to an increased biosynthesis or to an increased elimination. 

Coffee, tea, and cocoa contain methylated purines and also some of the 
amino- and oxypurines. In nature methyl purines occur as follows: caffeine in 
coffee, tea, kola nuts, cacao, and Maté (Paraguay tea); theobromine in cocoa or 
chocolate bean; theophylline in minute amounts in coffee, tea, and chocolate. 
The various cola drinks which are so popular contain caffeine. Caffeine and 
theophylline are not converted to urie acid, according to Myers and Hanzal, 
and this is probably true also of theobromine. Probably 1-methyl- and 1,3- 
dimethylurie acid are the final products of the metabolism of caffeine and theo- 
phylline. 

The fate of pyrimidines in metabolism is very obscure. Small amounts of 
uracil and thymine are easily disposed of by the organism, but larger amounts | 
are not. Cytosine seems to be particularly resistant to breakdown by the body. 
But apparently the pyrimidines are not set free in digestion or in metabolism. — 
Deuel was unable to find even a trace of pyrimidine in 150 liters of human 
urine. D. W. Wilson believes that radical changes probably take place in both 


the pyrimidine and purine groups of a large part of the nucleotides and - 
nucleosides before they are split. . 


Synthesis of Purines and Pyrimidines 


The purines of the body can be formed in the absence of preformed | 
purines of the diet. An excellent example is the bird egg, which begins as @ 
single cell with one nucleus, containing a minute amount of nucleoprotein, and, 
during its development, progressively increases in the number of cells and 
amount of nucleoprotein. The salmon, during its long travels from the sea UP 
the rivers to spawn, forms large amounts of nuclein-rich sperm and roe whieh 
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Lust be derived from its own tissues because it eats nothing during this period. 
ixperimentally, synthesis of purines has been demonstrated in man and in 
he Dalmatian hound, which differs from other breeds of dogs in having uric acid 
s its purine end product. 
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ig. 48.—Diagram of the purine skeleton indicating, in general, the sources of the different 
atoms in the biosynthesis of purines. 


Until recently biochemists sought for some preformed precursor of the 
urines in the diet. That is, they felt that some fairly large molecules, having 
art of the configuration of these larger molecules, should logically form their 
uilding stones. Thus it was believed—and there was some experimental sup- 
ort for the belief—that arginine and histidine were possible precursors. A 
omparison of their structural formulas with the purine nucleus will show the 
asis for this conception. Modern experiments using compounds labeled with 
sotopie nitrogen and earbon have shown that neither arginine nor histidine 
as such a role. Smaller molecules, as small even as CO., are utilized to build 
ip the large purine molecules. A probable intermediate in these synthetic re- 
etions is 4-amino, 5-imidazolecarboxamide (Schulman and Buehanan) : 


H,N—C=0O 
C—N 

| ; 

CH 

7 
H,N—C—N 
s 

H 


Recently Barnes and Schoenheimer have fed ammonium salts marked with 
46 to pigeons and to rats. Pigeons were first used because birds (and reptiles) 
erete a large part of their waste nitrogen as urie acid rather than as urea. 
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The isotopic nitrogen was found in the uric acid of the excreta of the birds, 
as well as in the purines and pyrimidines isolated from the nucleic acids of 
their nucleoproteins. In rats the same thing occurred, except that purine and- 
pyrimidine synthesized was not as great because of the fact that a large fraction 
of the isotopic nitrogen went to form urea. In the rat, ammonia nitrogen, when 
fed, is rapidly converted into amino acids of the tissues and apparently thus 
enters into numerous interreactions in the body. When N*°-labeled glycine is fed 
to man, the urinary uric acid contains N* in the 7 position (Shemin and Ritten- 
berg, 1947). The other nitrogen atoms are derived from aspartic acid, glutamie 
acid, or glutamine more readily than from ammonia or ammonium compounds, 
Glycine has been shown to contribute its carboxyl carbon to form C4, and its 
alpha carbon to form C5, and thus glycine provides atoms 4, 5, and 7. Formie 
acid and formaldehyde are very important precursors of C2 and C8, the two 
ureide carbons. Carbon dioxide yields its carbon to form C6, Thus it appears 
that the precursors of purines are glycine and other amino acids, CO., formie 
acid, and formaldehyde, as well as a number of other intermediaries which 
yield these compounds in metabolism. (Buchanan.) (See Fig. 48.) 

The pyrimidines, which appear so similar in structure to the purines, have 
been shown by Heinrich and Wilson not to have the same precursors as the 
purines, except in the case of CO,. Here, however, the C becomes the ureide 
carbon C2. 


Nucleotides.—Some free nucleotides occur in nature. Liebig in 1847 
isolated inosinie acid from beef extract. Since that time several others have 
been discovered, among them guanylie acid from pancreas, spleen, liver, and 
yeast and adenylie acid from brain and muscle. Muscle adenylic acid is: 








N=C—NH, 
HC C—N —— 0 —— 
\ 
CH OH OH H OH 
ta | 
N—C—N- 666 b_0 vo 
Pighealaa 
He ee eee ‘ox 
Adenine D-Ribose Phosphoric acid 


Adenylic acid may be converted to inosinie acid by a deaminase found in 
muscle, thus changing the adenine portion of the molecule to hypoxanthine. : 
Substitution of the latter purine, therefore, for adenine in the above formula 
gives the formula for inosinie acid. In yeast guanylie acid the purine is 
guanine, and the phosphoric acid is attached to carbon 3 instead of earbon 5 
of the pentose. 

Adenylie acid is a biological substance of prime importance. It possesses 
the property of adding and subsequently releasing two additional phosphorie 
acid molecules with their quota of 9,000 to 12,000 calories of energy each. This 
enables it to participate in energy transformations as previously deseribed 
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ee page 354) and phosphorylation reactions (see page 355). New roles for 
is unique substance are continually being discovered. Recently Neuberg 
d Mandl have observed a remarkable capability of adenosine triphosphate 
\TP) to dissolve insoluble metal salts and to prevent their normal precipita- 
mm. ‘These include the carbonates and phosphates of magnesium and calcium, 
well as the same salts of heavy metals, including Fe** and Fet*+. A number of 
her salts are likewise affected; also certain sulfates, sulfides, and stearates. 
yme alkali salts of meta- and pyrophosphorie acid have similar solubilizing 
tion upon a wide variety of inorganic salts. In these inorganic condensed 
losphates, which occur in many cells, as does ATP, energy is stored and the 
echanism is probably similar in all cases. 

Coenzymes I and II, or DPN and TPN, respectively, are also nucleotides 
it of a more complex nature. Their structure is shown on page 347, where 
eir function as hydrogen carriers is discussed. 


Clinical Uses of Amino Acids 


Myasthenia gravis is a pathological condition, marked by excessive tiring 
the voluntary muscles and rapid decrease in their contractility. The feeding 
glycine is said to be of therapeutic value in this condition sometimes. Glycine 
one of the precursors of creatine, which enters into the physiological activity 
muscle. 

The parenteral feeding of amino acids is a recent development with great 
ytentialities. The most obvious reason for parenteral feeding of any kind 
the inability of a patient to take food or fluid by mouth because of vomiting 
obstruction of some part of the gastrointestinal tract. Other conditions in 
hich it is indicated are severe diarrhea, intestinal fistula, peritonitis, and 
hen surgery requires complete rest of the tract. For many years saline 
lutions and glucose solutions have been administered intravenously or hypo- 
rmically to furnish fluid, minerals, and carbohydrates. The glucose so given 
puld theoretically spare the destruction of body protein, but practically it is 
%t of much importance from this standpoint. Moreover, there is usually a 
fficient amount of glycogen and fat to furnish energy for a long time. 
itrogen, however, is constantly eliminated as urea, creatinine, ammonia, uric 
id, ete., and must be derived from the protein of the patient’s tissues. In the 

days following a serious operation as much as 1,100 Gm. of protein may be 

, corresponding to about twelve pounds of muscle tissue or its equivalent. 
is comes not only from muscle, but also from all types of tissue. Among these, 
ma protein is of primary importance. Hypoproteinemia has been observed 
many such cases with its attendant production of edema. Loss of liver protein 
uld tend to provoke or aggravate hepatic insufficiency. In extensive burns 
ere is an enormous loss of nitrogen. Sometimes as much as 250 Gm. of 
tein a day is lost because of tissue destruction and gross abnormalities in 
trogen metabolism. As much as 80 per cent of the nitrogen of the urine 
eases of burns may be in the ‘‘residual’’ nitrogen; that is, nitrogenous con- 
tuents, the character of which is unknown. The negative nitrogen balance 
such cases is very great, despite high protein and high caloric diets. The 
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parenteral injection of plasma proteins or of amino acids undoubtedly is indi 
cated for those patients who cannot eat and perhaps, also, after burns or trauma, 
in which the negative balances are so great. Plasma proteins of the same species 
appear to be well utilized, but there are two objections to the use of blood plasma 
proteins. They are expensive, or difficult to obtain under normal conditions, and 
they are nutritionally not as good as many other proteins. The intravenous use 
of amino acids is probably a more promising procedure. Casein digests, whieh 
contain all the essential amino acids, and which are nontoxic to man, can now be 
obtained. Patients have been brought to nitrogen equilibrium and have been 
maintained in that state up to twenty-three days (Elman). In some cases 
glucose and even emulsified fat have been added to the injection fluid. Plasma 
protein regeneration as well as clinical improvement have been observed. The 
inclusion of as much as 75 to 150 Gm. of fat in the intravenous infusion mixture 
has been accomplished without serious reaction and affords a considerable 
number of calories (Shafiroff. ) 

Based on experimental studies upon animals, there have been a number of 
reports showing the favorable effect of feeding (or in some cases injecting) cer- 
tain amino acids to patients suffering from hepatic diseases of one sort or an- 
other. In such cases the feeding of a diet high in protein to supply enough of 
the particular amino acids needed is usually nearly impossible. Thus there 
are several favorable clinical experiences with cystine and choline in the treat- 
ment of cirrhosis of the liver. (Beams.) This follows the observations of 
Gyorgy and Goldblatt that choline is more effective when administered along 
with eystine. 

Glutamic acid hydrochloride seems to have a special relationship to nery- 
ous function. It appears to improve the condition of patients suffering from 
the mild form of epilepsy. (Price.) The use of tryptophan as a niacin pre 
cursor in pellagra has already been mentioned (page 291). 


ESSENTIAL AMINO ACIDS 


__In Chapter 5 a division between dispensable and indispensable amino} 
acids was made. It is now advisable to clarify some phases of this subject: 


and, perhaps, modify some rather arbitrary statements. Among the latter was! 
the statement that the indispensable amino acids cannot be synthesized by the) 
body. However, it has just been seen (page 590) that young animals will grow’ 
on a methionine-free diet if homocystine and either choline or betaine are present. | 
The reason for that is plain, but it indicates that special conditions may arise’ 
whereby the body might be able to synthesize an indispensable amino acid if alll 
of the special ‘‘ingredients’’ were at hand and conditions were favorable. | 


Block and Bolling suggest a classification of the amino acids into dis 
pensable, semidispensable, and indispensable (see Table XXXIIT). Arginine 
is called semidispensable because it is synthesized by man but not at an opt 
mal rate. Glycine is not essential for the rat or the human being under usual 
conditions but is necessary for optimal growth of fowls. Another croup of 
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1ino acids is semidispensable from another standpoint. These are dispensable 
ly if a closely related amino acid is provided in the diet in quantities suffi- 
nt to cover the needs of both. Cystine, for example, has no effect upon 
owth if methionine, from which it can be synthesized, is abundantly supplied, 
t cystine will stimulate growth if methionine is present in the diet in in- 
fficient amounts. Tyrosine bears a similar relationship to phenylalanine. It 
s also been seen that histidine is not essential in the diet of man, probably 
cause it is synthesized by intestinal bacteria, and methionine is not necessary 
the diet if homocystine and choline are supplied. For the present, methio- 
ne should be considered an essential amino acid for man. 


TABLE XXXIII 


TENTATIVE CLASSIFICATION OF AMINO ACIDS* 


SEMIDISPENSABLE INDISPENSABLE 
DISPENSABLE GROUP A GROUP B (FOR MAN) 
Glutamic acid Arginine Cystine Lysine 
Aspartic acid Glycine Tyrosine Tryptophan 
Alanine Histidine Phenylalanine 
Serine Methionine 
Proline Threonine 
Hydroxyproline Leucine 
Isoleucine 
Valine 














*Adapted from Block, R. J., and Bolling. D.: J. Am. Dietet. A. 20: 69, 1944. 


It should be noted that a mixture of amino acids, deficient in one or more 
the essential ones, is of little nutritive value as regards its ability to build 
replace body proteins. Such a mixture is deaminized to a considerable 

tent and used for the production of energy but does not contribute to a 
sitive nitrogen balance. Even a subsequent administration of the missing 
sential amino acids is of no avail, because amino acids are not stored in the 
sues for any considerable length of time. The indispensable amino acids 
ust be given as a complete mixture in approximately the proper proportions. 
1is applies to either the oral or parenteral administration of amino acids or 
otein hydrolysates and also to the feeding of incomplete proteins (like 
Jatin), when unaccompanied by other proteins to supplement them. 

The dispensable amino acids must not be considered of no value. It would 
better to designate them as ‘‘synthesizable,’’ or by some similar adjective. 
r the synthesis of the nonnitrogenous portion, both the carboxyl and the 
thyl carbons of acetate, and, to a less extent, the carbon of bicarbonate are 
ed. This was determined by using C™ labeled salts. (Greenberg and Win- 
k.) The NH, is probably obtained from deamination reactions in the liver. 
ese amino acids go to make up body protein, as do the indispensable 
es, but they are more interchangeable, more versatile, as well as more 
ily procurable. Glycine, one of the semidispensable, is used to make creatine 
d to detoxicate benzoie acid. Citrulline forms a part of the arginine-urea 
ele, and other examples of their specific usefulness could be mentioned. But 
the diet lacks any of these, the body can synthesize them from others. 
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Chapter 16 
CARBOHYDRATE METABOLISM 


The foundations of the study of carbohydrate metabolism were laid by 
Claude Bernard (1813-1878), the great French scientist, who perhaps may be 
ealled the first biochemist. Bernard’s experiments began with an attempt to 
produce in animals a condition analogous to human diabetes mellitus. In this 
condition the outstanding symptom is the passage of glucose into the urine, 
At that time nothing whatever was known regarding its cause. In the course 
of his studies Bernard found that if the floor of the fourth ventricle of the 
medulla oblongata of rabbits was punctured, a temporary diabetes resulted. 
This ‘‘piqire,’’ as it was called, could be produced only in animals which were 
in good nutritive condition—not in starving animals. His next step was to make 
a survey, so to speak, of the concentrations of the glucose of the blood. This, 
under normal conditions, is about 0.10 per cent (100 mg. per 100 ml.). But he 
found that there were slight differences between venous and arterial blood; for 
example, blood taken from the carotid artery might have a concentration of 
about 120 mg. per cent, while that from the jugular vein nearby had 80 mg. per 
cent. It appeared that the blood, in going from the arteries into the tissue 
capillaries and back to the veins, had left some of the glucose behind for the 
use of the tissues. By passing sounds through the heart down the vena cava 
and withdrawing samples of blood at different levels, Bernard ascertained that 
the blood taken from a level opposite the kidneys contained about the same per- 
centage of sugar as the venous blood in general. However, blood taken from a 
point near the opening of the hepatic vein contained more glucose (140 mg. 
per cent) than the arterial blood. Since the portal blood contained less sugar? 
than the blood from the hepatic vein, the inference was that the sugar had been 
added while the blood was passing through the liver. Some substance present 
in the liver was being converted into glucose. The next step was to find this 
source of glucose in the liver. A well-fed rabbit was killed instantly and the 
liver removed as rapidly as possible, plunged into boiling water, and’ eut 
up in it while the water was boiling. An opalescent solution resulted. This 
had very little reducing sugar in it but it did contain some compound 
which yielded a reducing substance upon hydrolysis. This was the material 
which caused the opalescence. Bernard called it the ‘‘olycogenous matter.” 
It is what we now call glycogen. If the procedure described was not carried 
out with dispatch, little or no glycogen could be found, but reducing sugars were 
present in abundance. This indicated the presence of a glycogen — glucose 
mechanism which could be regulated in the living organ and which boiling 
inhibited in the removed tissue. This, today, we recognize as an enzyme reat 
tion. Bernard formulated the glycogenie theory, that elyeogen is the form 







in which glucose is stored in the liver and that it can be changed to glucose 
which is carried to the various organs and tissues for conversion to heat and el 
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‘gy or for reconversion to the glycogen of the tissues. Since Bernard’s time, 
any additional facts have been gathered and many theories have been evolved 
) explain the details of the various steps. But the broad features of Claude 
ernard’s glycogenic theory remain just as true today as when they were first 
2veloped in the middle of the last century. 


ABSORPTION 


Digestible carbohydrates are brought to the monosaccharide stage in the 
testinal canal before they are absorbed. In fact, no higher carbohydrate can 
2 absorbed, and if administered parenterally it is eliminated as a foreign body. 
ven the disaccharides cannot be utilized when injected intravenously or ad- 
inistered otherwise than by mouth. Probably all the monosaccharides are ab- 
rbed to some extent by simple diffusion. However, they are not all absorbed 
, the same rate—galactose is taken up most rapidly, glucose next, fructose still 
ore slowly, then mannose, and the pentoses come last.. It is evident that if ab- 
rption were merely a process of diffusion the pentoses with smaller molecules 
ould be absorbed more rapidly than the hexoses, and there would be no dif- 
rence between the individual hexoses. The reason for the difference seems to 
sin the fact that the utilizable sugars are absorbed chiefly by a special mech- 
ism. They are phosphorylated; that is, they are combined with phosphoric 
id during absorption. These are ‘principally olucose, fructose, and galactose. 
he pentoses are not so combined and wander into the body by diffusion. Al- 
ough absorbed very slowly, mannose appears to be utilized exceedingly well 
y the rabbit (Bailey and Roe). <A seyen-carbon sugar, p-mannoheptulose, oc- 
irring in the avocado, is absorbed and apparently utilized to some extent by 
yrmal persons. (Blatherwick.) This is a keto sugar. Interestingly, Roe and 
udson have found that the corresponding aldose, p-mannoheptose, is not 
ilized at all by rabbits, although the ketose is. 

Glucose absorption by the intestinal mucosa is brought about by a phos- 
10rylase in the presence of adenosine triphosphate (ATP). _ATP will be dis- 
issed in detail later, but, for the present, it will suffice to say that_it is a 
mor of phosphoric acid and becomes adenosine diphosphate (ADP). _This 
josphorylation is not under the control of insulin. Fructose and galactose 
similarly phosphorylated. The reactions for glucose and fructose are 


hematically shown below: 


testinal lumen Mucosal cell Circulating Blood 
eat 6-phosphat Gl 
‘ —_—_—_——————> Glucose-6-phosphate ——————> ucose + 
Eos Phosphorylase + ADP Phosphatase | Phosphate 


(From food) 


+ ATP 
ructose Mane Ss, - tear Fructose-6-phosphate ——————— 
Phosphorylase + ADP 


(From food) 





____ SS «GJucose-6-phosphate ———————> | Glucose + 
Isomerase Phosphatase | Phosphate 
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After absorption by the intestinal mucosa the monosaccharides are carried 
to the liver in the portal blood, In the liver the utilizable hexoses are converted, 
in part, to glycogen, This is the form in which the carbohydrates are stored in 
the animal. There is some evidence that the glycogens formed from glucose, 
fructose, and ealactose differ somewhat (Deuel), but we are fairly certain that 
elycogen always breaks down to glucose, no matter 1” what its origin. During this 
period of absorption it is impossible for the liver to remove all the sugar from 
the blood passing through it. Some gets into the systemic blood and there is a 
rise in the concentration of blood sugar. !n the muscles a second supply of 
glycogen is stored which has a special local function. There are usually about 
200 Gin. of glycogen in the body of a normal adult, about half in the liver and 
half in the muscles, with very small amounts in other soft tissues and traces 1 in 
the blood. . 

The general pathway of carbohydrate is given in Fig. 49. Relationships 
to lipid and protein metabolism are omitted, but they are discussed elsewhere. 
The liver glycogen is changed back to glucose which is carried to the muscles 
(and other tissues). Here it forms muscle glycogen, a source of energy for 
muscle contraction. When glycogen is broken down, lactic acid is formed, 
part of which is oxidized and part sent back to the liver to be changed to glyeo- 
gen again. 


PORTAL BLOOD LIVER SYSTEMIC MUSCLE 
BLOOD (AND OTHER TISSUES) 


Glucose 





Glucose ———————_> Glucose ——————————>> Glucose 





Fructose ] a Fructose 
; t—> 
Galactose | See Galactose 
& . 
Glycogen Glycogen 
Pyruvate | 
Lactate <———————_ Lactate «Lactate 
Oxidation 


Fig. 49.—General path of carbohydrates in the body. 


It will be noted that the reaction glucose = glycogen is represented as being 
reversible in the liver, but in the muscle it is irreversible, glucose > glycogen: 
This refers to the fact that muscle glycogen is not a source of blood sugar. 


| 
The Blood Sugar 
' 


It is generally accepted now that the sugar of the blood is aB-p-2 Ucose, 
in addition to minor quantities of sugary phosphates, but there may be — 
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the other hexoses, depending chiefly upon the amounts in the diet. The 
neentration is fairly constant. Samples of blood taken before breakfast 
ually contain from 0.07 to 0.10 per cent glucose, or, as it is generally stated, 
om £0 to 100 mg. per 100 ml. of blood. During the day it will range from 
IT to o 0. 16 per cent, i.e., from_70 to 160 mg., although usually it seldom rises 
ove 130 mg. After a_meal there is a sharp rise followed by a gradual 


ll, so that in one or two hours the concentration is back to the 70 to | 


0 mg. per cent level. These figures refer to venous blood. Capillary blood 
ually is about 10 mg. higher, because it more nearly resembles arterial blood. 
uring sleep the blood sugar reaches a low level which is maintained usually 
itil breakfast the next day. In Fig. 50 it is shown approximately how the 
ood sugar varies with meals and with the time of day. 


The Constancy of Blood Sugar Level.—There are a number of factors in- 
lencing the level of blood sugar which are so delicately balanced that it 
dinarily stays within the limits from 70 to 130 mg. per cent. These include 
e following: 


The glycogen = glucose reaction in the liver 

The formation of glycogen in muscle and its utilization 
The utilization of carbohydrate by other tissues 

The conversion of carbohydrate to fat 

The excretion of glucose 


directly a number of other factors operate, including gluconeogenesis, mnter- 


nversion of fat and carbohydrate, and interplay of hormones (insulin, epi- | 


phrine, adrenal cortical hormones, growth hormone, ete.). Blood sugar 
ues above the normal range are termed hyperglycemias, and those below it 
e spoken of as hypoglycemias. The hypergly cemia following an ine 
take of carbohydrate in the diet is called an ‘‘alimentary hyperglycemia.’ 

sdanskyv has shown that galactose most easily produces this condition, with 
ucose next and fructose last. This is in harmony with their rates of ab- 
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Fig. 50.—Typical blood sugar variations in a normal young adult throughout the day. 


GLYCOGEN FORMATION IN THE LIVER 
Phosphorylation and Phosphorolysis 


The addition of phosphoric acid to elucose is essential to its utilization. 
is is called ‘‘phosphorylation,’’ a term coined by_Neuberg in T910- As we 
all see, the addition and subtraction of phosphoric acid is necessary in most 
the steps of carbohydrate met tabolism, and accompanying them and bound 


in them are the important transfers of energy. 


| 
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For the phosphorylation of glucose, a hexokinase (in this case cloak 
and adenosine triphosphate (ATP) are required. Phosphoric acid is attache 


at carbon 6, thus: 





y é CH,:O-PO,H 
tc hae Glucokinase | ' 5 gens 
O ATP 
< > lars < SF ADE 
@lucose Glucose-6-phosphate 


¥i The next step is a transfer of the phosphate group to carbon 1, which is brought 
about by phosphoglucomutase. 


CH,:O-PO,H, CH,OH 
— = : 
| O Phosphoglucomutase O,| 
BS ge meee,yit 
J ee bias, 
OH O-PO;H, 
Glucose-6-phosphate Glucose-1-phosphate 


Glucose is then ready for transformation into glycogen—a process known 
as ‘‘glycogenesis.’’ The monosaccharides present in the portal blood are ab- 
sorbed by the liver cells and converted into glycogen; or rather, polysaccharide 
chains, already present, are lengthened by the addition of glucose-1-phosphate, 
since the reaction does not occur in the absence of a small amount of poly- 
saccharide ‘‘primer.’’ The underlying mechanism is a dephosphorylation, an 
action of another phosphorylase; thus: 


CH,OH 


Sega. 2 
Cc hU+ 
OH | OH 0 f°) Guns 
O-PO,H, Polysaccharide nucleus 
Glucose-1l-phosphate (C,H,.0, Me 
-H,PO, +H,PO, 


Phosphorylase 


OH ) ie) fe) 
Glycogen 


(CgH,.05),, 


Q---- 


rl “AnDn ‘ 2 . 7 . . . . 
"he reaction in the reverse direction also is called a phosphorolysis, being analo- 
gous to the hydrolysis of polysaccharides; the former involves phosphoric acid} 
the latter, water. 

1 A . . . 

Glycogenesis also occurs when the glycemia, that is, the level of bloo 
sugar of the general circulation, rises above normal. 
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The hexoses are not the only glycogen formers. We have seen that proteins 
Id glucose approximately to the extent of 58 per cent of their weight. This is 
Pause of the nonnitrogenous fraction left after deamination of certain of the 
ino acids. A good example is alanine. This is converted to pyruvie acid 

oxidative deamination. Pyruvic acid, in turn, can be transformed to lactic 
id. Both pyruvie acid and lactic acid are known glycogen formers. 


CH, CH, CH, 
ban H, — bo > dude 
boo boon boo 
Alanine Pyruvie acid Lactic acid 


The glycerol fraction of fats is also convertible to glucose and therefore to 
yeogen. The fatty acid portion is probably not changed directly to glucose, 
t the non-nitrogenous fragments of the metabolism of all foodstuffs enter 
6 final common pathways of metabolism. (See page 463.) _The formation 
glucose from noncarbohydrate sources is given the term “‘gluconeogenesis.’’ 
etic acid, which is a product of ¢arbohydrate catabolism, especially in 
iscle, has been found to be transported in the blood stream back to the liver 
* reconversion to glycogen (Himwich; Cori). 


Liver glycogen 
wee 
Blood glucose Blood lactic acid 


N\ 7 
Muscle glycogen 


Experiments of Hastings and his group have brought forth some interest- 
r facts concerning the conversion of lactie acid to glycogen. Jactate, contain- 
* radioactive carbon in the carboxyl group, was fed to rats and the radio- 
ivity of the liver glycogen and of the expired CO, was studied. Results 
licated that only a small amount of the lactate is converted into glycogen as 
three-carbon chain. Some of the carboxyl is split off and excreted as CO, 
the expired air. Thus glycogen may be formed from two-earbon chains. It 
even possible that CO, may enter into the formation of glycogen. When 
nradioactive sodium lactate was fed and radioactive sodium bicarbonate was 
ected intraperitoneally, a small amount of the radioactive carbon appeared 
the liver glyeogen. The work of Evans (page 542) on the utilization of CO, 
nts in the same direction. 


GLYCOGENOLYSIS IN THE LIVER 


Glycogen is transformed into glucose-1-phosphate in the presence of in- 
anic phosphate by a phosphorylase. This was formerly called glycogenase 
the new terminology describes its action more accurately. This enzyme is 
ely distributed in plants, microorganisms, and in animals. In animals it 
ound in muscle, heart, liver, and brain. The reaction occurs very rapidly 
is the classical reaction described by Claude Bernard. Adenyliec acid is a 
nzyme for it. The reaction is that shown on page 416 but continues to glu- 
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cose-6-phosphate. The phosphorolysis of glycogen is accelerated when the body 
requires more glucose. Such is the case during muscular activity or ex 
posure to cold, both of which tend to lower the blood sugar level. The glucose. 
6-phosphate, hydrolyzed by a phosphatase to glucose and phosphoric acid, 


raises the blood sugar to a normal level again. 
q 


Phosphorylase Phosphoglucomutase 
——— —_—_——_ ‘ 
Glycogen Glucose-1-phosphate Glucose-6-phosphate — 
—_———- ss 
+ H,O 
Phosp|hatase 


Glucose + H,PO, — 


Glycogenolysis, as this disintegration of glycogen is called, is under the con- 
trol of adrenaline through the sympathetic nervous system. Stimulation of 


the sympathetic nerves causes the inereased secretion of adrenaline, the hormone 
: 


Gtucose| |Gucose| | GLUCOSE 





. GLYCOGEN OF 
TISSUES OTHER TISSUES 





Fig. 51.—Diagram of carbohydrate metabolism. 


of the adrenal medulla. This augments glycogenolysis by some mechanism 
yet unknown. Violent emotional reactions, such as fear and rage, lead to th 
formation of adr ich, i TJ i 
mane é enaline which, in turn, increases the blood sugar. This, 4 
ording to Cannon, is an emergency reaction to furnish extra fuel to enablt 


4 
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> animal or person to escape from danger or to fight, as the case may be. 
sulin secretion has an opposite effect, tending to cause glycogenesis. Thus 
se two hormones seem to balance each other. 

The absence of the specific phosphatase which converts glucose-6-phos- 
ate to glucose and phosphoric acid in the liver has been demonstrated in 
ses of glycogen storage disease. This is a rare congenital disorder of me- 
olism in which there is enlargement of the liver, due to the storage of gly- 
gen. There are usually hypoglycemia and acidosis. It is a rather rare con- 
lon, but even more infrequent is the occurrence of a cardiac type; that is, 
> glycogen is stored in the heart. This type is rapidly fatal. Other varieties 
glycogen storage disease appear to be due to the deposition of abnormal 
‘ms of glycogen. (Cori.) 


GLYCOGENESIS IN MUSCLE 


Glycogen formation in muscle differs from that in liver in that no sugar 
ier than glucose can be used for this purpose. However, glycogen is formed 
the muscles when fructose is injected into hepatectomized animals. This 
uld seem to point to the direct utilization of this sugar as well as glucose. 
is is not the case because if the hepatectomized animal is also deprived of 
estines, fructose is not a glycogen former (Bollman and Mann). The ex- 
ination is that the intestines (and also the liver) are capable of transforming 
ictose to glucose, which then enters into muscle glycogenesis. Colowick and 
therland have succeeded in converting glucose to glycogen in vitro with the 
| of purified hexokinase, phosphoglucomutase, and the special phosphorylase. 
erefore, glycogen synthesis in muscle is accomplished by three or more en- 
me reactions. In frog muscle, glycogen may be rebuilt from some of the 
tic acid which is produced when glycogen is broken down. Formerly this 
s thought to be the case in mammals also, but it has been shown that this oc- 
rs to only a slight extent. The hormones, adrenaline and insulin, have the 
ne type of control over muscle glycogenesis as they do over liver glycogenesis, 
renaline diminishing and insulin increasing it. When the muscles contract 
“y use up some of their stored-up glycogen. To replenish this, blood sugar is 
awn upon, and in order to keep the blood sugar at a normal level, the liver 
recogen pours more glucose into the blood stream. 


GLYCOGENOLYSIS IN MUSCLE 


Glycogenolysis in muscle is essentially the same as glycogenolysis in liver. 
s a phosphorylation reaction with the production of glucose-1-phosphate and 
cose-6-phosphate. However, there is one great difference. The phosphatase, 
ich in liver converts glucose-6-phosphate into glucose and phosphoric acid, is 
ent in muscle. Therefore glucose is not set free in muscle and it is not sent 

the blood to augment the blood sugar. The glucose-6-phosphate is broken 

n further through a number of intermediate steps to lactie acid, and eventu- 

the latter is further decomposed. Evidence that muscle glycogen is not a 
ree of blood sugar was furnished by the experiment of Bollman, Mann, and 
gath. When the liver was removed from a dog, the blood sugar concentration 
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fell steadily to a very low level. The muscle, however, was found to contain 
considerable amounts of glycogen. Evidently it was not available for conversion 
into blood sugar. 

Excretion of Glucose.—Ordinarily the amount of glucose in urine is negli- 
gible. The range has been shown to be from 0.01 to 0.10 per cent (Neuwirth) and 
certainly is not in sufficient concentration to give a positive reaction with Bene- 
dict’s qualitative test. Normally the blood sugar passes through the glomeruli of 
the kidneys and, in aqueous solution, flows into the tubules. Here it is reabsorbed. 
A phosphorylation, that is, a combination with phosphate, is necessary for ab- 
sorption from the tubules just as it is for absorption from the intestinal canal. 
If reabsorption cannot keep pace with glomerular secretion, glucose will, 0 
course, find its way into the urine. This is called ‘‘olyeosuria’’ or, more exactly, 
‘‘olucosuria.’’? The chief reason for its occurrence is an increased seerction of 
sugar as a result of a high blood sugar. Phosphorylation and reabsorption can- 
not keep pace with the secretion and the excess sugar flows into the urine. There 
is usually a fairly definite level of blood sugar for a given individual, above 
which sugar is excreted. This ‘‘renal threshold’’ is usually found to be between 
140 and 180 mg. per cent glucose, averaging 160 mg. per cent. It frequently 
is higher with older people or if the kidneys are damaged. For this reason an 
abnormally high blood sugar is sometimes found when the urine is quite free 
from reducing substances. This indicates a disturbed carbohydrate metabolism 
just as definitely as does glucosuria. If the renal threshold is found to be 
normal, an examination of the urine obviates the necessity of frequent blood 
analyses. 

Conversion of Carbohydrate to Fat.—Another physiological mechanism 
which tends to keep the blood sugar at a constant level is the transformation 
of excess glucose into fat. This is such a well-known phenomenon that it scarcely 
needs emphasis. The fattening of hogs and the production of cream are in- 
stances known to every farmer. The European custom of stuffing geese with 
bread or other starchy foods to produce the fatty goose liver is another example. 
In these cases glyeogenesis in the liver and muscles oceurs first. When these 
tissues are not capable of storing more glycogen, fat formation begins. The 
mechanism of this action is not known but undoubtedly hormonal influences 
play a part, the conversion being effected by enzymes. We may assume that the 
formation of fat from an excess of carbohydrate is a normal process ordinarily. 
That is, it is a provision of nature to enable the individual to store large ex- 
cesses of carbohydrate in the form of fat, the high calorie food, which can be 
drawn upon when the more readily convertible storage food, glycogen, has 
been depleted. This would imply that simple cases of obesity result: from 4 
normal tendency to store food. The fact that some individuals have great 
difficulty in putting on weight is probably just as abnormal as the fact that 
others become obese. | 


| 





UTILIZATION OF GLUCOSE 


j7tret en tee. ; 
By “‘utilization’’ of glucose reference is made only to those transforma 

tions whereby useful energy and heat are produced, It must be remember 

however, that the sugar molecule may be required for building glycoprotel 
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lycolipids, glucosamine, ete., and fractions of the molecule may be used 
herever a short carbon chain could fit. in. Similarly, we do not inelude in 
tilization the storage of carboydrate as glycogen, or fat. The word ‘‘oxida- 
on’’ is avoided because many of the transformations are not oxidations in 
ny of the meanings of that term. Some reactions must necessarily be oxida- 
ons because we start with carbohydrate and end with carbon dioxide and 
ater. The broad vital reaction is 


C.H,,0, + 60, — 6CO, + 6H.O. 


owever, neither glucose nor glycogen reacts directly with oxygen. Inter- 
ediate products are first formed without oxidation, and oxidation is a later 
age in the decomposition. 

The breakdown of glycogen or of glucose takes place in all tissues. The 
actions have been studied more actively in striated and cardiac muscle and in 
ervous tissue than in other tissues. It is evident, however, that they must 
cur in all parts of the body. Possible glycogenolysis and the subsequent dis- 
tegration of glucose, called ‘‘glycolysis,”’ are qualitatively the same in many 
‘ them. The amount of energy transformation is much less in the glands, 
ones, and connective tissues than in muscles, and the activity of the spleen is 
ss than that of the kidney. But carbohydrate metabolism is occurring in all of 
lem all the time, and some of the reactions to be discussed will probably be 
und to be applicable to all of them. 

Glycolysis in the tissues resembles fermentation (see page 61) to a certain 
‘tent. Trioses are formed and, eventually, pyruvic acid. In fermentation this 
converted, in part, to ethyl alcohol and carbon dioxide. There is a possibility 
at traces of ethyl alcohol are formed in mammalian tissues, but probably the 
ain pathway from pyruvic acid is through lactie acid and eventually to CO, 
id water. (See also Chapters 14 and 20.) 


Carbohydrate Metabolism in Striated Muscle Contraction 


The conception of muscle metabolism held until recent years was that the 
ergy was derived from the combustion of glycogen, resulting in the production 
- carbon dioxide and water. Although glycogen is eventually converted to 
ese products and oxygen is utilized in the transformations, it is by no means a 
rect oxidation. There is, in fact, at the moment of contraction, no combustion 

fuel by the muscle; that is, there is no absorption of oxygen or production of 
>. Contraction of an isolated muscle can occur in the complete absence of 
gen. This may continue for an appreciable length of time, during which the 
yeogen is changed to lactie acid (lactate), which accumulates. If this is 
mtinued too long, rigor mortis sets in. However, if the contractions occur in 
e presence of sufficient oxygen, part of the lactic acid is reconverted to 
cogen and part is oxidized. Norma] muscle contraction, therefore, may be 
vided into two phases: 
1. Contractile, or anaerobic 
2. Recovery, or aerobic 
though the contractile ‘phase is called anaerobic and oxygen is not needed 
r it, it must be emphasized that it can and ordinarily does occur in the presence 
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of oxygen. lor the recovery phase oxygen is necessary and carbon dioxide igs 
formed. Consequently the energy for contraction cannot originate in an oxida- 
tion but must come from the sudden breakdown of some labile molecule. 

For some time it was thought that the energy for muscle contraction came 
from the breakdown of ereatine phosphate. At present, however, adenosine 
diphosphate and triphosphate are considered the agents which actually release 
energy, although other compounds may be involved in the intricate process, 

Creatine Phosphate.—In 1927 Eggleton and Eggleton, in England, discoy- 
ered in muscle an organic phosphate which was easily hydrolyzed. They called 
this ‘‘phosphagen.’’ The same year Fiske and Subbarow, in this country, made 
the same discovery and were able to identify the substance as creatine phosphate. 


——_ 


It is such an unstable compound that the muscle must be frozen before re- 


moval for analysis, and even under these conditions there is evidence that 
some of it has been hydrolyzed. Meyerhof showed that the decomposition 
of creatine phosphate to creatine and phosphoric acid, whether accomplished 
by an enzyme or by an acid, was accompanied by the release of heat. Muscle 


extract contains this enzyme, but if it is dialyzed it becomes inactive. In the 


dialysate, magnesium ions and adenosine triphosphate can be found, which are 
needed for this enzymic reaction. Adenosine phosphates are required for all 
such transformations in which the transfer of phosphate is accompanied by a 
release of energy. Thus we see why creatine phosphate was at first thought to 
be the source of muscle energy. It is now considered to be an active phosphate 
carrier, capable of transferring its energy to other similar carriers or to adenylie 
acid or adenosine diphosphate (see also Chapter 14). 

Adenosine Triphosphate.—Adenosine triphosphate is a nucleotide, a mole- 
cule of which contains adenine, pentose, and three molecules of phosphorie 
acid. It can release two of these molecules in succession. Thus: 


oH OH OH 


| 
Adenine — pentose —O — P— O~ P—O~ P—OH Adenosine triphosphate (ATP) 


I | I 
O O 


O 
OH OH 
| | | 
Adenine — pentose — O — i —O~ i => OF Adenosine diphosphate (ADP) + H,PO, 
0 O 
OH 
: | 
Adenine — pentose — 0 — i — OH Adenylice acid (AA) + H,PO, 
O 


thors of the presence of two ‘‘energy-rich phosphorus’? bonds (see page 354): 
each of these hydrolyses is accompanied by the transfer of a large amount of 
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nergy. It is this release of energy upon a suitable receptor in a muscle fiber 
hich enables it to do biological work. Its energy-rich phosphate bonds ean, how- 
ver, be used to phosphorylate creatine, giving creatine an energy-rich phosphate 
ond; or it can phosphorylate glucose or fructose. In the latter case the energy 
; used in the process and the hexose-monophosphates formed do not possess 
nergy-rich bonds. These transfers are shown in Fig. 53. In this figure creatine 
; also shown as acquiring its phosphate in the dephosphorylation of 1,3-diphos- 
hoglyceric acid or enol-phosphopyruvie acid. This requires the intermediation 
f one of the adenosine phosphates. The adenosine phosphate may, of course, re- 
ase or transfer its energy in some other way at this point. 

In order to form energy-rich bonds again, phosphorylation must oecur along 
ith oxidations. It is the oxidations of the fragments of the carbohydrates which 
re useful in this respect. But first we must see how glycogen is broken down 
) these fragments. 

The breakdown of glycogen follows, in general, this path: 


- 2H + 2H 
Glycogen ——> Hexose ——> Triose ——> Pyruvic acid ——> Lactic acid 


This is shown in greater detail in Fig. 52. 


Glycogen+ HPO, 


Phosphorylase \} AA, Mg 
Glucose-l-phosphate 
++ ++ ++ 
Glucose +ATP _Phosphoglucomutase Mg ,Mn- or Co 
BI LSD Glucose-6-phosphate 


Phosphatase (not in muscle) 
Glucose +H,PO, Phosphohexoisomerase 
Fructokinase 


Fructose-6-phosphate ATP 
Fructose+ATP Phosphohexokinase lt Mg" {1 
Fructose-|, 6-diphosphate ADP 
Aldolase 
3-Phosphoglyceraldehyde=Dihydroxyacetone 
H,PO, phosphate 


[1,3-Diphosphoglyceraldehyde | , 
Dehydrogenase {I Coenzyme I (and H transport system) 
,3-Diphosphoglyceric acid ADP 


Diphosphoglyceric dephosphorylase \{ lt 
3-Phosphoglyceric acid ATP 







Phosphoglyceromutase | | 
2-Phosphoglyceric acid 


ad 
Enolase -H,0 | {+H,0 Mg 
(Enol)-Phosphopyruvic acid ADP or AA 
+ ++ 
Phosphopyruvate dephosphorylase \I K , Mg | { 
Pyruvic acid ATP or ADP 


* 
Lactic dehydrogenase Coenzyme I (and H transport system) 


Lactic acid 


*See page 350. 
g. 52.—Scheme showing some of the steps involved in glycogenolysis, with some of the enzymes, 
‘ ai coenzymes, and activators. 
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The transformation of glycogen to hexose is a phosphorylation, and there are 
phosphate transfers at each step shown and at a number of intermediate ones 
not shown. At least ten enzymes take part in these transformations as well as 
a coenzyme and two phosphate carriers, namely, creatine phosphate and adeno- 
sine triphosphate. The latter is also called adenylie pyrophosphate. Several in- 
organic ions are also indispensable. . 


Glycogen + H,PO, 


i) Glucose 
Hexose-phosphates_§ << @—@ —-@-- $————_____________ 
vt 


Triose-phosphate 
vt 
[1,3-Diphosphoglyceraldehyde] 


Vt 
1~3-Diphosphoglyceric acid 


Vt | PO 
3-Phosphoglyceric acid \ 

tt Creatine — Creatine ~ PO,H, 
(Enol)Phospho~Pyruvie acid 7 J 

o4 ——> | ~PO,H, | Creatine 
Pyruvie acid + 

vt | ~PO,H, | 


Lactie acid Ph 
Adenylic acid or 
v 


Adenylic ~ PO,;H, 
4 ae 
Adenylic ~ PO,H ~ PO,H, | ~ PO,H, | 
| or ~PO,;H, + 


FE 2. Muscle 





Fig. 53.—An outline of the possible relations of the various reactions in muscle contraction. — 


The first phase, glycogen — hexose, really consists of several steps besides | 
the initial phosphorylation. There is first formed glucose-1-phosphate; then the 
phosphate is shifted to the 6 position and the glucose is changed to fructose. 
Another phosphate is added to produce fructose-1,6,-diphosphate. The fructose ' 
molecule is now split into two three-carbon chains of 3-phosphoglyceric alde- 
hyde and dihydroxyacetone phosphate. The former is phosphorylated to the 
hypothetical di-phosphoglyceric aldehyde. The dehydrogenation of this yields | 
diphosphoglycerie acid which is converted first to 3-phosphoglyceric acid and | 
phosphate. This is a point at which energy is released. Next enol-phospho- 
pyruvic acid is formed. TEnol-phosphopyruvie acid adds on water to liberate 
pyruvic acid and phosphate and again there is a liberation of energy. Finally 
pyruvic acid is reduced by coenzyme I to yield lactie acid. Fig. 52 is an out 
line of this conception of glycogenolysis. In Fig. 53 the same reactions are 
given in an abbreviated form but the energy transfers are indicated. f 
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v0 


Repeating the last part of Fig. 52, using structural formulas, we have: 


OH O 








O 
lA + H,;PO, we - 2H VA - H;PO, VA 
—H ——— | H—_C—0:H,PoO, | ———>__ CO—H,,PO, —>  C—OH 
—— | _—— —_-_ | 
HOW - H,P0O, von + 2H HOH + H,PO, CHOH 
| 
H.0°H,PO, CH,0:H,PO, | CH,0-H,PO, b,0 -H,PO, 
3-Phospho- 1,3-Diphospho- 1,3-Diphospho- 3-Phospho- 
yceraldehyde glyceraldehyde glyceric acid glycerie acid 
H,PO, 
at 
y O O O 
VA Y 
gH -uo on on on 
— CHO-H,PO, —_—._- C—0'H.PO, — C=O —_ CHOH 
| +H1,0 || | eames | 
CH,OH CH, CH, -— 2H CH, 
2-Phosphoglyceric (Enol) Pyruvie acid Lactic acid 
acid 2-Phosphopyruvic 
acid 


We may summarize these reactions as occurring in four steps. 

1. Glycogen is phosphorylated and transformed into fructose-diphosphate. 

2. Fructose-diphosphate is split into two three-carbon chains; i.e., two 
iolecules of triose-phosphate. 

3. In a series of transformations pyruvie acid is produced. 

4. Pyruvie acid is reduced to lactic acid. 

It is thus seen that lactic acid is the end product of glycogen cecom- 
osition during the anaerobic or contractile phase of muscle contraction. It is 
Iso evident that phosphate transfer plays an important role in these reactions. 


Fate of Lactic Acid and of Pyruvic Acid 


When there is active muscle contraction, the lactate of the blood is in- 
reaged and this lactate is carried to the various cells throughout the body. 
ome of it is picked up by the liver and converted into glycogen. (Himwich. ) 
he fate of the lactate in tissue cells depends upon the environmental con- 
itions of the cell, If there is a diminished supply of oxygen, it is likely to 

back through the steps which have been enumerated—back to glucose. 
owever, in the presence of oxygen, reoxidation of lactic acid to pyruvie acid 
robably occurs. This involves lactic acid dehydrogenase and coenzyme I. 


CH, es 
DPN + dxon ———- C=0 + DPNH, 
| : a 
COOH COOH 
Lactic acid Pyruvic acid 


Pyruvic acid has been shown to be a normal intermediary in carbohydrate 
etabolism in man, and insulin seems to be a requisite for its formation 
ueding). It is a very reactive substance and its metabolism will depend 
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upon the oxygen supply, enzymes, pH, ete. There are various possibilities for 
the further oxidation of this compound, which may originate, not only from 
the oxidation of lactic acid but also in other metabolic reactions. One of the 
pathways is the Krebs, tricarboxylie acid, or citrie acid eycle, which is given 


in simplified form below. 


-~ rae: 
oN 
COOH 
Pyruvic acid 
+H,0 
4 -2H CO, 
Ae 
wel adh nae 
CHOH c=0 COOH vonu Goon 
| -2H | Acetate 
—_ ee CH CH 
Tie tc) one (Acetyl Co A) jon mal | 
COOH +2H COOH (2) HOC CECOOn ais peed 
ti 
Malic acid oxeedes ic CH, +H,0 CH, 
-H20|(9|+H,0 l 
COOH COOH 
rene Citric acid Cis-aconitic 
CH acid 
Me +H,0|(4i[-H20 
COOH 
COOH | 
Fumaric acid CHOH 
| 
sone 2h H-C-GOOH 
oa CH, 
| 
“ays eri COOH 
CH, +H,0 COOH Isocitric acid 
| (7) | * A 
COOH Xe) COOH etd. 
Succinic acid | I 


CH, <— co 


Pte reh 
SO ote —> H-C-COOH 


| 
co COOH CH, 
a-Ketoglutaric | 
acid COOH 


ae : 
pos Oxalosuccinic acid 


THE TRICARBOXYLICG ACID CYCLE 
(Cirric AcID CYCLE) 


Decarboxylation and oxidation of pyruvic acid constitute the first step 
and involve an enzyme, pyruvie dehydrogenase, together with DPN (coen- 


zyme [), 


cocarboxylase, coenzyme A, magnesium ions, and phosphate. 
3 


i CH, 

a + R-—SH + DPN +> CO + DPH—H, + CO, 
COOH we 

Pyruvie CoA Col 


Acetyl-CoA 
acid ; 


ColHy 
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of 


Sondensing enzyme then catalyzes the addition of the acetyl group of acetyl- 
“oA to oxaloacetic acid, but it should be noted that the methyl group is at- 
ached to the oxaloacetie acid; thus: 





: ; CH.COOH 
: CO—COOH Condensing enzyme | 
RS—CO—CH, + | + H,OQ ——————————+> HO—C—COOH + R—SH 
CH,—COOH Abe | 
CH,COOH 
Acetyl-CoA Oxaloacetic acid Citrie acid CoA 


A series of reactions follows, resulting in the formation of three other tri- 
sarboxylic acids; namely, cis-aconitic, isocitric, and oxalosueccinie. The last 
named is decarboxylated, yielding a-ketoglutaric acid and CO,. Another CO, 
s then released, producing succinic acid. A dehydrogenation yields fumaric¢ 
vcid, which is then hydrated to form malie acid. Another dehydrogenation 
results in oxaloacetic acid. In this manner oxaloacetic acid is, in a sense, re- 
renerated so that it can combine with another molecule of acetie acid. This 
eyele thus continually oxidizes pyruvie acid. The enzymes, coenzymes, and 
activators involved, indicated by numbers on the diagram, are: 


(1) Pyruvie dehydrogenase; cocarboxylase, Col, CoA, Mg. 
(2) Condensing enzyme; CoA, ATP 

(3) Aconitase 

(4) Aconitase 

(5) Isocitric dehydrogenase; Coll 

(6) Oxalosuecinie decarboxylase; Mn. 

(7) a-Ketoglutaric oxidase; CoA, Col 

(8) Suecinie dehydrogenase 

(9) Fumarase 

(10) Malice dehydrogenase; Col 


In this cyele it has been shown that the oxidation is coupled with phos- 
phorylation and yields about sixteen high energy phosphate bonds. These 
arise as follows: 


—FP bonds 
—~P bonds 
~P bonds 
~P bonds 
—~P bonds 


Pyruvate — Acetate + CO, yields 
Tsocitrate —> Oxalosuccinate yields 
a-Ketoglutarate — Succinate yields 
Succinate — Fumarate yields 
Malate — Oxaloacetate 


eb He we 


it is clear now how CO, arises in biological oxidations. The three CO, 
molecules, of course, are the oxidation products of the three C’s of pyruvie 
acid. while the water comes from the oxidation of the H’s. It will be shown 
b 


subsequently how the products of protein and of lipid metabolism enter into 


the tricarboxylie acid cyele. 

In nervous tissue (and probably in other tissues as well) pyruvic acid is 
oxidized to acetic acid or acetyl phosphate. This reaction is catalyzed by 
pyruvic dehydrogenase, and a number of factors are required, including ribo- 
flavin, as a hydrogen carrier, and a coenzyme, ‘‘eo-earboxylase, which is now 
known to be thiamine-phosphate. In animals suffering from thiamine deficiency, 
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this reaction cannot proceed at a normal rate. Consequently an excess of pyruy 
acid piles up and is probably the cause of the nervous affection. This oxidation 
of pyruvic acid is coupled with the phosphorylation of adenylic acid. The 
reactions are perhaps as follows: 


CH, Me 
dio + H,PO, - 2H C=O + CO, 
| ieee | 
COOH O—PO,—H, 
Pyruvie acid Acetylphosphorie acid 
+ | ADP 


CH,COOH + Adenosine triphosphate 
Acetic acid 


Pyruvie acid may undergo oxidative decarboxylation apart from its role 
in the tricarboxylice acid cycle. Lipoic acid and cocarboxylase (thiamine pyro 
phosphate) are probably concerned in the reactions involved. (See also page 
306.) It is possible that lipoie acid conjugates with thiamine pyrophosphate — 
to form lipothiamide pyrophosphate (LTPP), which is the active catalyst 
The following chain of reactions has been suggested: 


LTPP CoA 
Pyruvate ———————-_—_>_ Acetyl~LTPP + CO, —— Acetyl~CoA + LTPP 
Oxidative 
decarboxylation 


The reduced form of LTPP is reoxidized by diphosphopyridine nucleotide. 
(Reed and DeBusk.) Similarly a-ketoglutarate is oxidatively decarboxylated 
to suecinylI~LTPP. It is probable that the acetyl~ or sueciny|~LTPP linkage 
occurs through a thiol bond. Energy transfer may oceur through this bond 
as indicated. 

Many other reactions occur in animal tissues in which pyruvie acid 
a starting point. They may be summarized, in part, as follows: 

Complete 
Pyruvie acid =————————_——> CO., H,O 
oxidation 
Oxidative 
Pyruvie acid = ————————_ CO., CH,COOH 
decarboxylation ‘ 
Reduction 


Py Muvis acid ty foes ces cee ee Peer ental 


Transamination 
Pyruvic: acid. = ee > Alario 
and deamination 


o. saa eS ae 


Anaerobie incubation 


PyruVvic) acid), Ae ak ete Citrie acid 


with liver 


Glyeolysis in 
Pytuvie acid” Qe Glycogen 
many tissues 
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There are undoubtedly other pathways for the catabolism of carbohydrate 
sides those described. It has been shown, for instance, that various mammalian 
ssues can oxidize carbohydrate readily when the anaerobic mechanisms are 
iecked by a specific inhibitor, iodoacetie acid. (Barker.) There are other 
udies which point in the same direction, that is, that the normal oxidation 
carbohydrate is not limited to one or two mechanisms. 


For example, there is the hypothesis that an aerobic oxidation of glucose-monophosphate 
ight proceed through phosphogluconie acid —> 2-keto-phosphogluconic acid — arabinose 
osphate. This involves a decarboxylation in the last step. By a repetition of these oxida- 
ms and decarboxylations, a four-carbon and finally a three-carbon sugar could result. There 
some evidence for this scheme. (Lipmann; Dickens; Warburg and Christian.) It is also 
ssible that aerobic oxidation of glucose might occur without phosphorylation. A D-glucose 
hydrogenase has been shown to transform glucose into gluconic acid. Other carbohydrate 
rivatives, as well as pentoses, are oxidized by this enzyme, which may well be an alternate 
echanism for the oxidation of sugar in mammalian liver. (Breusch; Wainio.) 


Muscular Contraction in the Intact Animal—It has been stated that 
olated muscles can contract for a long time, but not indefinitely, in the absence 
* oxygen. Recovery, however, requires the presence of oxygen. The reasons 
yr both of these phenomena must now be evident. The energy for contraction 

derived from the dephosphorylation of creatine phosphate and adenosine di- 
ad triphosphates, and from the breakdown of glycogen to lactic acid. These 
-e not over-all oxidations. To rebuild them, however, energy is required and 
lis is derived from the oxidation of lactie acid or pyruvic acid, or some related 
roduct. 

In the intact animal a similar phenomenon occurs. During active muscular 
stivity the same compounds, of course, are broken down to furnish the neces- 
ry energy and large amounts of lactic acid are formed in the process. The 
nimal, or person, may not have enough oxygen available to oxidize this lactic 
sid while the contractions are going on. Recovery therefore must be postponed. 
he physiologists speak of this as an “‘oxygen debt.’’ For example, for a 100- 
ard dash the oxygen requirement may be 6 liters. The maximum amount of 
xygen which can be taken up is not over 4 liters per minute. Since this distance 
an be covered in about ten seconds, it is seen that the athlete can only take up 
small fraction of the amount of oxygen he needs for the effort. Therefore, his 
spiration at the end of the dash is necessarily increased for quite a long time 
mtil the oxygen debt can be repaid. In light exercise there may be no oxygen 
ebt. The amount of oxygen absorbed at the ordinary respiratory rate keeps 
ace with the amount of lactic acid which must be oxidized. This is called the 


steady state.’’ 
CARBOHYDRATE METABOLISM IN HEART MUSCLE 


Since the heart is a muscular organ which must contract almost constantly, 
e would expect to find there a rich store of glycogen. This is probably true, 
d the very low values reported in the literature are undoubtedly due to ex- 
emely rapid post-mortem glycogenolysis. The creatine content is less than 
lf of the concentration of that compound in striated muscle. However, the 


——- 
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mechanism of carbohydrate metabolism in the heart is believed to be very similar 
to that described except that heart muscle apparently utilizes lactic acid to 4 
greater extent. This may indicate a different metabolic pathway at one stage, 
Creatine phosphate and adenosine triphosphate play important roles here as they 
do in striated muscle contractions. The left ventricle contains higher concentra- 
tions of creatine, phosphorus, potassium, and adenine than the right. This means 
that creatine phosphate and adenosine triphosphate, as the dipotassium salts, 
are found in greater concentration in the stronger muscle. Furthermore, when 
eardiae hypertrophy begins, a slight increase in these constituents is seen, but — 
with further hypertrophy they fall and reach their lowest values with extreme 
cardiac hypertrophy and heart failure. This points to the great need of creatine 
phosphate and adenosine triphosphate for efficient heart muscle action (Myers). 


CARBOHYDRATE METABOLISM IN NERVOUS TISSUE 


From the studies of Himwich and Nahum it appears that, in the brain of 
dogs, carbohydrate, or a derivative, is the sole source of energy. The respiratory 
quotient was close to 1.0, which is the respiratory quotient for carbohydrate (see 
page 556). Furthermore, the blood coming from the brain contained less 
glucose and lactie acid than that going to it. In nerves at rest the respiratory 
quotient indicated combustion of a mixture of protein, carbohydrate, and fat, 
but during activity the respiratory quotient rose to such an extent that it indi- 
cated that the extra metabolism was entirely derived from carbohydrate. There 
is very little glyeogen present in brain, and it is improbable that there is much 
glycogenesis or glycogenolysis there. Glucose is the principal carbohydrate used 
by nervous tissue, and the exact path of decomposition is unknown. Under 
anaerobic conditions, brain tissue transforms glucose into lactie acid, but if 
oxygen is present, the amount of lactic acid formed is greatly diminished. This 
may mean that lactic acid is always formed from glucose but in the presence 
of oxygen it is immediately oxidized and thus removed. As mentioned before, 
pyruvie acid increases in nervous tissue in the absence of vitamin B,. This 


would indicate that it is a normal intermediary in glucose utilization in nervous 
tissue. | 


We know that the brain requires both oxygen and glucose. If glucose or 
lactic acid is added to chopped brain tissue, there results an increased oxygen 
consumption (Quastel). Evidently brain tissue takes up oxygen for carbo- 
hydrate utilization. When a hypoglycemia occurs, one of the striking symptoms 
is its effect upon the brain. There is a mental confusion, dizziness, and some- 
times delirium. This may occur after an overdose of insulin. In this connee- 
tion the recent use of insulin-induced hypoglycemia in the treatment of schizo 
phrenia may be pointed out. 


METABOLISM OF PENTOSES 


The pentoses of the food are not phosphorylated in the intestinal traet 
and consequently are not readily absorbed. They are not utilized as well as 
the hexoses when given by mouth. However, it is possible that in physiologt 
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il combinations they are readily metabolized since it appears that the en- 
mes of various tissues can change the ribose group of purine nucleotides and 
icleosides to some nonpentose form, probably a hexose. (Sehlenck and Wald- 
gel.) Another pentose, L-xyloketose, may be synthesized by the body by way 
- glucuronic acid in the condition known as pentosuria. (Enklewitz and 
asker.) It is unavailable to the body for metabolic purposes and for this 
ason is excreted. Pentoses arise in the body from hexoses, through giuconie 
sid. The enzyme system, which accomplishes this reaction, occurs not only 
_ yeast, where it was first discovered (Scott and Cohen), but also in the liver 
id bone marrow (Seegmuller and Horecker). Two interesting features of 
le reaction are a £-oxidation and the presence of a phosphopentose isomerase, 
hich catalyzes the reversible conversion of p-ribulose-5-phosphate to p-ribose- 
phosphate. The following scheme represents the reactions : 








ae GOO «| 
HCOH HCOH H,COH HCO 
| SBE. = 00; | | 
HOCH > CO = CO ———>  HUOH 
ee a a | 
Ree , + 2H HCOH + CO, HCOH HCOH 
| | 
ei. HCOH HCOH HCOH 
| 
H,COPO;H, H,COPO,H, H,COPO,H, H,COPO,;H, 
-Phosphogluconie 3-Keto-6- Ribulose- Ribose- 
acid Phosphogluconic 5-Phosphate 5-Phosphate 
acid 


he reversibility of this reaction has been demonstrated by the fixation of 
40, in 6-phosphogluconate. (Horecker and Smyrniotis. ) 


ABNORMAL CARBOHYDRATE METABOLISM 


An understanding of many of the phases of normal carbohydrate metab- 
lism has come from a study of pathological or experimental derangements of 
1e normal. Most of these result in glucosuria. Glucosuria is merely a symp- 
ym of a metabolic disorder. The sugar appears in the urine either because 
1e blood sugar is too high or the renal threshold is too low, and the real problem 

why does either of these occur. The first to be considered is alimentary 
ucosuria. This is easy to understand. Large amounts of earbohydrate are 
ailable in the gastrointestinal tract and are absorbed more rapidly than they 
n be assimilated by the normal processes. The blood sugar rises above the 
nal threshold and glucosuria results (see page 524). Individuals, however, 
ry in their power to utilize excessive quantities of carbohydrates, due in all 
robability to differences in their endocrine balance. Consequently alimentary 
ucosuria may be more easily provoked in some people than in others. 

The piqare of Claude Bernard, i.e., an injury to the floor of the fourth 

ntricle, is an experimental method of inducing hyperglycemia with consequent 


lucosuria. It is probably a stimulation of the adrenal medulla, via the 
is 


lanchnie nerves, causing an increased secretion of adrenaline, which 
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apparently the effective factor. Direct stimulation of the great splanchni 
nerves or injection of adrenaline will have the same result. The adrenalin 
in some way increases glycogenolysis in the liver and the blood sugar rises. J 
has a similar effect upon muscle glycogen. All of these are temporary effects. 

When phlorizin is administered to animals, glucosuria results. This was dis 
covered by von Mering and has been developed and used in this country by Lus 
and others. The glucosuria continues as long as the drug is given, with re. 
sults such as would be expected from a continued loss of sugar. The condition 
differs from true diabetes mellitus in that the glycemia is either normal 0 
slightly below normal. The explanation is that phlorizin interferes with the 
phosphorylation of glucose. The glomerulus permits glucose to filter through 
it into the tubules, from which normally it is reabsorbed. This reabsorptior 
depends upon phosphorylation and if phosphorylation is blocked, as by phlor- 
izin, the glucose flows through the tubules into the urine. Thus, in phlorizin 
diabetes we have a low renal threshold due to a failure in phosphorylation of 
olucose. 

Nonhyperglycemie glucosuria occurs in man occasionally. Such a condi- 
tion is ‘‘renal diabetes’’ or renal glucosuria, a rather rare state. The blood 
sugar is normal or below normal. Sugar is present in the urine at all times and 
is almost independent of the amount of carbohydrate ingested. There is no- 
apparent disturbance of carbohydrate metabolism. This is evidenced by a 
normal respiratory quotient and no change in fat metabolism. It apparently 
never develops into diabetes mellitus and seems to be a harmless malady. The 
cause is unknown, but one is tempted to ascribe it to a slight difficulty in~ 
phosphorylation in the kidney tubules. 

In a fairly large percentage of normal pregnant women glucosuria oce 


lactation. It is said to be due to a decreased carbohydrate tolerance resulting - 
from physiological hypertrophy of the pituitary gland which oceurs during 
pregnancy. The blood sugar does not rise much above normal. ; 

Certain kidney conditions are frequently associated with glucosuria. 
some instances hyperglycemia occurs and in some the blood sugar is normal. In 
glomerulonephritis and nephrosclerosis, glucosuria with either a high or normal 
blood sugar may be encountered. In nephrosis there is glucosuria with no i 
crease in the blood sugar. The low blood sugar values in all of these renal condi 
tions are explained on the basis of degenerative changes in the renal tubul 
epithelium. Ag a result of these, there is a physiological inability to reabsorb 
the sugar; ie., the renal threshold is lowered. No good explanation for the 
hyperglycemias in these cases is available. | 

Glucosuria with hyperglycemia is known as diabetes mellitus, when it oc 
curs In man. Among the symptoms of severe cases are excessive thirst and 
polyuria. If uncontrolled, there is muscular weakness, and acidosis, with th 
possibility of diabetic coma and death. The excessive thirst and polyuria ar 
due to the large amount of water needed to dissolve the glucose as it is excretet 
by the kidneys. The weakness is mostly due to the inability to utilize the req 
uisite amount of food and often to dehydration due to the polyuria. Th 
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eidosis and coma result from a disturbance in fat metabolism which takes place 
oneurrently with the disturbance in carbohydrate metabolism, Another ef- 
et Is upon protein metabolism. If the malady is not controlled, the patient 
es into negative nitrogen balance. Thus diabetes is a disturbance of carbo- 
ydrate, fat, and protein metabolism. 


For many years there was a suspicion that the pancreas was in some way 
lated to diabetes. There was no proof of this until 1889-1891, when the 
Inicians von Mering and Minkowski succeeded in completely removing the 
ancreas of a dog surgically. This was an exceptionally difficult feat since the 
ancreas is quite adherent to the duodenum. Moreover the healing of the ab- 
mminal wound is difficult in the absence of the internal secretion of the pan- 
reas. However they did accomplish it and thereby ushered in a new era in the 
udy of carbohydrate metabolism in general and diabetes mellitus in particular. 
or these depancreatized dogs developed a pathological state which resembled 
ry severe human diabetes mellitus. They had hyperglycemia and glycosuria, 
scame exceedingly thirsty and hungry, and passed large volumes of urine. 
1 time they grew weak and thin, had acetone bodies in blood and urine, 
id died in coma in from two to six weeks. If, instead of removing the pan- 
eas, it was carried, with nerves and blood vessels intact, outside of the peri- 
meal cavity and left under the skin, diabetes did not result. This proved that 
e external secretion, that is, the pancreatic juice, was not the factor involved 
| preventing diabetes. Subsequent removal of the transplanted pancreas caused 
yeosuria to occur. Following the work of these pioneers, many experimenters 
tempted to determine the mechanism of this action. The explanation advanced 
y Lépine was that the pancreas produces an internal secretion (besides its 
‘ternal digestive secretion) which is poured directly into the blood stream and 
some way regulates carbohydrate metabolism. Hédon, Gley, and a number of 
her investigators planned various cross transfusions between diabetic and 
yrmal animals, and in vitro tissue and blood studies. While not decisive, they 
dicated that the pancreas has an internal secretion which is effective only 
_the living animal. Carlson depancreatized a pregnant bitch and found that 
e did not become diabetic until after the pups were born. The fetal pancreases 
1d protected the mother by their internal secretion. 

The crucial experiment of injecting pancreatic extracts into diabetic animals 

attempted many times, but the early work was indecisive. In 1908 Zuelzer 
epared an alcoholic extract and noted reductions in the output of urinary sugar 
d acetone bodies in a diabetic dog and in several patients. However, a decrease 

urinary sugar is not a satisfactory criterion of improvement in this condition 
ce it may result from a diminished intake of food, due to a loss of appetite 

Iting from treatment, or to an influence on the kidneys. Consequently, 
though Zuelzer probably was using a potent pancreatic extract, his work 

not accepted or appreciated. EK. L. Scott, in this country, used water ex- 

ets of pancreatic tissue that had previously been extracted with alcohol. Up- 
injection into diabetic dogs the sugar excretion was diminished and the G:N 
tio was also lowered (see page 375). This indicated that some of the glucose 
esumably arising from protein metabolism was being utilized, and this marked 
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a distinct advance. In 1915 Kleiner and Meltzer showed that a simple aqueous 
‘‘emulsion’’ of pancreatic tissue, when injected very slowly intravenously into 
diabetic dogs, had an almost immediate effect in lowering the blood sugar and, of 
course, the excretion of glucose. This was considered definite evidence that the 
panereas has an internal secretion which can be obtained from it by appropriate 
extraction methods, and they suggested that it might have a possible therapeutie 
application. 


INSULIN 


The climax of these many series of experiments came in 1922. Banting and 
Best, working in Macleod’s laboratory, conducted some brilliant researches 
which led to the discovery of insulin. The pancreas contains two types of cells, 
the acinar or glandular cells, which secrete the pancreatic juice and make up 
the bulk of pancreatic tissue, and groups of small, irregular, polygonal cells. 
The latter were discovered by Langerhans in 1867 and have been called the 
‘islands of Langerhans,’’ or simply ‘‘islet tissue.’’ It was suspected that here 
was the site of the manufacture of the internal secretion of the pancreas. In 
fact D’Arnozan and Viaclard had shown that if the pancreatic ducts were tied 
off, so that pancreatic juice could not flow into the duodenum, the acinar cells 
degenerate and disappear and nothing is left of the pancreas except islet tissue. 
Such animals do not develop diabetes. The idea occurred to Banting, ‘‘Ligate 
pancreatic ducts of dogs. Wait six to eight weeks for degeneration. Remove the 
residue and extract.’’ After considerable difficulty, Banting and Best were 
able to perform this double experiment with results which bore out his expecta 
tions. 


The extract prepared from such islet tissue proved to have a very potent 
effect in reducing the hyperglycemia of diabetic dogs and then, after careful 
purification, it was found to have similar effects upon diabetic human beings. 
A large group of investigators was then organized to work out the various phases 
of the problem. Among them were Collip, Campbell, Fletcher, and Noble. The 
best sources and methods of extracting, purifying, and concentrating insulin 
were sought. It had been known that in certain teleostean fishes the islands of 
Langerhans exist as organs separate from the acinar pancreatic cells. These 
furnished extracts having the same properties as those obtained from mammals. 
This gave added proof that the islands of Langerhans were the source of iD 
sulin. Beef and hog pancreas are the commercial sources of insulin at present, 
and several methods of preparation have been devised. Insulin is soluble in” 
water, in alcohol of a strength up to about 80 per cent, in acids, and alkalies. 
However, it is not stable in alkaline solution. Collip’s method employs the: 
principle of fractional precipitation with aleohol. Doisy, Somogyi, and Shafter 
made use of the fact that insulin is least soluble at its isoelectric point, pH 5.3, 
and that impurities may be precipitated out of solution and thus be removed 
at pHs above or below pH 5.3. From preparations of insulin used therapeutically 
Abel and his collaborators obtained insulin in two different crystalline forms. 
However, it is undoubtedly one substance. It is a protein with a moleculat 
weight of about 6,000. Its amino acid composition and structure have beet 
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escribed on page 116. Cystine occurs in large amounts and there is some 
yidence that the S-S group is connected with its physiological activity. Zine 
always found with this hormone, but it is not a part of the insulin molecule. 
he crystals are probably the zine salt of insulin. Since it is a protein, it is 
ot surprising that it is digested and thus inactivated by the proteolytie en- 
ymes pepsin and trypsin. Hence insulin has no effect when taken orally and 
ust be administered parenterally. This constitutes one of the chief diffi- 
ulties and objections to its use. 

Alloxan Diabetes.—The injection of alloxan into animals is a chemical 
ethod of producing diabetes. It causes an initial hyperglycemia which is ap- 
arently due to a stimulation of the adrenal medulla. (Goldner and Gomori. ) 
transitory hypoglycemia then is seen, probably a result of liberation of in- 
ulin from the beta cells of the pancreas. ( Jacobs.) If glucose is now given to 
de the animal over the hypoglycemic phase, hyperglycemia and other diabetie 
mptoms ensue. (Dunn.) The final effect is a necrosis of the beta cells which 
roduces the permanent diabetes. Alloxan is an oxidative product of uric 
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The diabetes of these animals is characterized by very severe glycosuria 
ith a high insulin requirement. However, they have a low ketone body 
ceretion and if untreated with insulin live longer than depancreatized dogs 
ider similar conditions. This is related to the fact that there are two types 
' cells in the islands of Langerhans, the a and B cells, and their different 
metions were strikingly shown by some experiments of Thorogood and 
immerman. Dogs were made diabetic by the administration of alloxan, which 
sstroyed their f cells, and their insulin requirement was determined. They 
ere then depancreatized, thus losing their a cells as well as their f cells. 
he insulin requirement was now found to be much less than before. The 
terpretation is as follows: Insulin is produced by the f cells, and another 
rmone, glucagon, by the a cells. The latter hormone opposes the action of 
sulin, increasing blood sugar, and may also prevent the formation of ex- 
ssive amounts of ketone bodies. Consequently an alloxan-diabetic dog 
t only lacks insulin because it lacks the f cells, but it possesses a factor which 
1] further acts in the same way that a deficiency of insulin does. Therefore 

blood sugar is higher than that of a depancreatized dog. Alloxan diabetes 
y be prevented from occurring if glutathione or cysteine 1s given along 
th the alloxan. It is possible that cysteine and glutathione reduce alloxan 
dialuric acid, a substance which presumably has no diabetogenic effect. On 

other hand, alloxan inactivates coenzyme A, which, like cysteine and 
tathione, has an —SH group. It is thought that the diabetogenic action of 
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alloxan may, in part, be due to the inactivation of coenzyme A within the | 
cells of the islands of Langerhans, thus destroying those cells. (Lazarow.) 

Whether these observations have any bearing upon the etiology of the 
disease in man is still a matter of speculation, but it is interesting to note that 
the presence of alloxan in normal liver tissue has been reported. (Ruben and 
Tipson. ) 

Glucagon has been isolated and crystallized. (Staub.) It is a protein but 
is quite different from insulin in its crystalline form and in having a low con- 
tent of sulfur. The small amount of sulfur present is in the form of methionine 
rather than cystine. The pancreas of birds is very rich in this factor, and, 
since there is also present in birds’ pancreas a great number of cells resembling 
alpha cells, this lends support to the concept that glucagon is formed by the 
alpha cells of the pancreatic islets. (Vuylsteke and De Duve.) It should also 
be noted that the action of glucagon is manifested in the brief period of hyper 
elycemia which oceurs after commercial insulin is injected intravenously into 
animals with adequate stores of liver glycogen. In fasted animals it has no 
effect. It thus appears to be a glycogenolytic agent but not a eluconeogeneti¢ 
one. It is believed to act upon the same enzyme system as epinephrine. Gluea- 
gon has no hyperglycemic effect after subcutaneous injection, perhaps because 
proteases present in the tissue fluids inactivate it. It is an ‘‘impurity”’ present 
in most brands of insulin. 








In this connection, it may be of interest to note that dehydroascorbic acid, dehydroiso- 
ascorbic acid, and dehydroglucoascorbiec acid are all diabetogenic (Patterson), and the ex 
planation offered is that they act by destroying the sulfhydryl groups of enzymes essential 
to normal carbohydrate utilization. Evidently —SH and —S—S— groups are quite important 
in carbohydrate metabolism. In fact, Martinez has shown that the SH content of blood and 
tissues falls in depancreatized animals and that pretreatment with sulfhydryl compounds de 
ereases the severity of the resultant diabetes. Among other compounds which have been shown 
to cause diabetes experimentally are B-hydroxybutyric acid and other intermediary products of 
fat metabolism. (Nath and Brahmachari.) 


Action of Insulin 


When injected into a normal animal (the rabbit is usually the species em- 
ployed) the blood sugar falls to very low levels—from 30 to 50 mg. per cent. 
‘“‘True’’ blood sugar (that is reduction due to glucose, apart from that due to 
nonsugars) is even lower, and may, indeed, fall to almost zero. Frequently 
convulsions ensue. Sometimes these have a fatal outcome. They can be 
combated if glucose is given soon after they begin. The effect of glucose 
under these circumstances is astonishing. In a very few minutes the animal, 
which has been lying on its side having violent convulsive movements, rights 
itself and hops around in a perfectly normal manner. This effect of insulin 
upon the rabbit is utilized in standardizing commercial preparations. (See 
page 603.) : 

In diabetic animals and human beings the effect of insulin is the same. 
lowers blood sugar and thereby diminishes glycosuria. If ketonemia and acidosis 
are present, it tends to combat these conditions also. The effect, however, 





CARBOHYDRATE METABOLISM 437 


iporary; the blood sugar eventually rises again and insulin must be admin- 
red at least once a day in order to keep the blood sugar at a normal level. 
e decrease in blood sugar is accompanied by glycogenesis in both liver and 
scle. There is an increased consumption of oxygen and a consequent rise in 
respiratory quotient which indicates the utilization of glucose by the tissues. 
ere is an inhibition of gluconeogenesis (see page 417); i.e., the formation of 
cose from proteins and fats. Lastly, insulin promotes the deposition of fat. 


In normal animals, apparently no increase in liver glycogen occurs (there 
y even be a decrease), but there is an accelerated absorption of oxygen and 
increased glycogenesis in muscle. The explanation is as follows: Any in- 
in administered to a normal animal or person is an excess over the optimal 
ount already present. It prevents liver glycogenolysis at first and causes 
poglycemia. The blood sugar ‘‘lost’’ is deposited in the muscles as muscle 
cogen. Now the hypoglycemia paradoxically opposes the effect of in- 
in on the hepatic glycogen because hypoglycemia causes the secretion of 
enaline. This is a normal physiological result of hypoglycemia and is an 
ergency mechanism resulting in the adrenaline-glycogenolysis action. That 
the effect of insulin here is to produce hypoglycemia; hypoglycemia causes the 
duction of adrenaline; adrenaline results in glyecogenolysis intended to 
interact hypoglycemia. The sugar thus released is deposited in the muscles as 
cogen and the blood sugar remains low. Therefore we find that the glycogen 
res of the liver are either not increased or are diminished after insulin admin- 
‘ation to a normal animal. 

Glucose Tolerance Tests.—A surprisingly large amount of glucose may be 
ested by a normal person without any being excreted in the urine. At the 
ne time there is only a moderate rise of blood sugar and this for only a short 
ie. If diabetes, even in the mildest degree, or renal diabetes, or certain 
er endocrine or renal disturbances exist, there is very likely to be glucosuria 
1 an entirely different blood sugar picture. By standardizing the procedure 
‘glucose tolerance test’’ results and more or less characteristic blood sugar 
‘ves are obtained. A number of different methods are used. The amount 
glucose may be from 1.5 to 1.75 Gm. per kilogram of body weight in a 
per cent solution, flavored with lemon juice. Some workers favor other 
ounts; still others use a standard meal containing protein, carbohydrate. 

fat. The blood is taken before the glucose is ingested and at regular 
rvals thereafter. Again, there is not complete agreement as to the number 
samples to be withdrawn or the intervals between sampling. Perhaps the 
st generally adopted plan is to take one sample at the half hour, then at the 

of the first, second, and third hours. A normal curve is one which reaches 
maximum (seldom over 160 mg.) at or before the end of the first hour, with 
eturn to normal by the end of the second, or, at most, the third hour. 
inished tolerance is indicated by a more marked rise and a slower return 
ormal. The urine should be collected at about the same time each blood 
ple is taken. Normally there is little or no sugar excreted. A normal or 
normal curve with glucosuria is evidence of renal diabetes. A high curve 
inished tolerance), if accompanied by glucosuria, indicates diabetes mellitus, 
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or a prediabetic state if the curve is not greatly accentuated. A high eurve wi 
no glucosuria may mean a renal condition. Typical curves are shown in Fig. § 


In the treatment of diabetes mellitus in human beings the physician mus 
estimate the correct amount of insulin to be given to enable the patient 
utilize the carbohydrate needed for his activities. This will vary with 
severity of the disease and the energy requirements of the patient. The medi a. 
ment is given about a half hour before a meal in order to allow for prope 
absorption and distribution. An overdose is likely to have very nn 
results. At first there may be hunger or a feeling of nervousness. This is fol- 
lowed by perspiration, alternate pallor and flushing, and dizziness. There may 
even be delirium, stupor, and convulsions. Many individuals who take in ulm 
regularly wear identification tags stating that they are likely to have h 
glycemic symptoms and giving instructions as to the treatment to be given 
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| 
them. A diabetie patient suffering from insulin shock should receive glucose 
intravenously but no additional insulin, whereas one in diabetic coma should be 
given insulin. Some diabetic patients ean recognize the premonitory symptoms 
whereupon they take some sugar or candy which it is advisable for them to hav! 
with them at all times. Because of the inconveniences and possible dangers it 
ia use of insulin, mild cases are almost always treated by dietary regulatiol 
alone. 







Since the effects of insulin wear off rather rapidly, several new preparation 
are now available which are absorbed slowly and therefore act over a longe 
period, The first of these was produced by combining protamine with ins 
forming a sort of conjugated protein, protamine-insulin (Hagedorn and ass 
ciates). The addition of zine to this gave protamine-zine-insulin, which is stil 
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re slowly absorbed. Globin-insulin is a compound of globin, derived from 
noglobin, and insulin. This also contains added zine. The onset of its effect 
nore rapid than protamine-zine-insulin but not quite as rapid as regular in- 
in. Its hypoglycemic action is not as prolonged as that of the protamine-zine- 
ulin. In Fig. 55 are shown the general types of blood sugar curves pro- 
sed by the latter two in comparison with ‘‘regular’’ insulin. A new type 
protamine insulin is called NPH (Neutral Protamine Hagedorn). Its ae- 
n resembles that of globin insulin. 

In the usual treatment of a diabetic patient there is a nice adjustment of 
diet and the insulin dosage. Often a mixture of regular and slow-acting 
ulin is prescribed, the regular for a quick effect and the slow-acting to 
tain this effect. In severe cases the administration of insulin may have to 
repeated in the course of the day. The total calorie and nitrogen require- 
nts are calculated and a diet carefully planned. There are several types 
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diet advocated by various authorities. (See page 336.) The type, dosage, 
timing of the insulin administration will vary with the individual patient 
with the experience of the physician. The aim is to keep the blood sugar 
el as near normal as possible, in order to accomplish the maximum utiliza- 
of sugar, and also to prevent hyperglycemia, which is believed, by some 
icians, to have a harmful effect upon tissues. Another type of treatment 
uld also be presented. This is called ‘‘clinical eontrol,’’ as contrasted with 
emical control,’’ outlined above. Clinical control has the objectives of 
elimination of the symptoms of the disease, (2) maintenance of or gain 
eight, and (3) the avoidance of ketonemia. Hyperglycemia and glucosuria 
disregarded as long as no diabetic symptoms are present. The diet is not 
efully computed; indeed the patient is allowed an almost normal diet. One 
ly dose of slow-acting insulin is given. The amount of insulin used will 
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depend upon the severity of the condition. The theory is that the insulin 
should permit of a sufficient utilization of carbohydrate for ordinary needs, 
and the excess in the blood does no harm. (Tolstoi.) 

An approach from the nutritional side may also be mentioned. <A study 
of a large number of diabetics by Biskind and Schreier gave evidence of some 
deficiency of the B vitamins in every case. They also point out that in dia- 
betes there is an impairment in hepatic function. Therefore they advo- 
cate the administration of fairly large amounts of B vitamins and liver ex- 
tract and state that blood sugar levels and insulin requirements are usually 
reduced. 

Mechanism of Insulin Action.—On the accompanying diagram are shown 
the points where some of the actions of insulin have been postulated. 


Extracel- Cell Intracellular 
lular wall 
Glycogen + Phosphate 
Glucose-1-phosphate 
e5) (2) Glucokinase 
Glucose————__|_—> Glucose ————————————_ Glucose-6-phosphate 
ATE 
Phosphohexo- 
Fructokinase saab ii 
Fructose———_|_———> Fructose ———————————_5_ F ructtose-6-phosphate 
ATP 


3C compounds 


Pyruvie acid ———> 2C compounds 


— CO, 
| (3) 


Fatty acids: 


The first clue to the exact mechanism of insulin action was the discovery 
of its effect in the hexokinase, or glucokinase, reaction. Glucokinase is the 
enzyme which catalyzes the phosphorylation of glucose. Adenosine triphos’ 
phate is the coenzyme or phosphate donor in this reaction. The formation 0: 
glucose-6-phosphate is a prerequisite for any further step in the utilization 0! 
glucose. Study of Fig. 52 will demonstrate its key position both for the forma: 
tion of glycogen from glucose and for the oxidation of glucose, whether i 
is derived from glycogen or from food. It is inhibited by anterior pituitary 
extract, and this inhibition is abolished by insulin. (Price.) Thus far n¢ 
direct effect of insulin alone upon the reaction has been discovered, but onlt 
the indirect one described. However, it seems probable that insitia is re 
quired for the optimum production of the first phase of glucose utilization’ 
that is, insulin increases the rate of phosphorylation, and thus the rate 0o# 
glycogenesis. This point is indicated by (2), The similar phosphorylation 0% 
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ructose is not influenced by insulin. Therefore it is now believed that fruc- 
ose can be utilized better than glucose by diabetics, However, neither glucose 
or fructose is converted to fatty acids by diabetic liver slices, although this 
s accomplished by normal liver tissue. Insulin enables the diabetic tissue to 
nake this conversion. This metabolic block has been localized at the point 
3) where a two-carbon degradation product of the sugars is utilized in the 
ormation of fatty acids, perhaps via the tricarboxylie acid eycle. 


Another hypothesis involves the first step in the utilization of glucose. 
Levine.) This states that insulin facilitates the passage of glucose into the 
ell, independently of the glucokinase reaction. Whether or not this is an 
ffect upon the permeability of the cell membrane (1) is not definitely stated. 
skeletal muscle does not have any galactokinase activity, but insulin facili- 
ates the rate of distribution of p-galactose and does the same for L-arabinose 
nd for p-xylose. These three sugars, the only ones showing the same effect, 
ave the same configuration about the first three carbons as p-glucose has. 
See pages 48 and 49.) Stadie has shown that insulin is combined at the 
urface of intact muscle fibers, a prerequisite for its action. It is possible that 
his fixation of insulin may be related in some way to the phenomenon just 
lescribed. 


In harmony with the direct observation of an influence of insulin upon phosphorylation 
s the fact that insulin administration is followed by a lowering of the blood phosphate, in- 
icating the participation of phosphate in sugar utilization. (Lundsgaard.) This hormone 
Iso restored the ability of heart muscle to synthesize phosphocreatine, when this ability had 
een diminished by alloxan diabetes. (Goranson and Erulkar.) Insulin has been shown to 
ave beneficial effects in carbohydrate metabolism in a number of in vitro experiments. For 
xample, it increased the amount of pyruvate metabolized to CO, by diabetic muscle. This 
yas ascertained by using pyruvate labeled with C*4. (Villee and Hastings.) It also stimu- 
ated the synthesis of fatty acids from acetate when pyruvate was also present. (Bloch and 
‘ramer.) Furthermore, insulin has an effect on protein metabolism. It appears to be re- 
uired for the nitrogen storage action of the growth hormone. The latter causes the secre- 
ion of extra insulin. The extra insulin then has a synergistic action with the growth 
ormone on protein anabolism. (Lukens.) 


Hypoglycemia.—Before the advent of insulin, little was known of hypo- 
lycemic conditions. The stimulation of the study of carbohydrate metabolism 
thich this discovery brought about, and particularly the greatly increased 
umber of blood sugar determinations which became almost routine hospital 
rocedure, led to the realization that hypoglycemia is not a rare condition. 
roliferation of islet tissue, i.e., tumor of the pancreas, frequently occurs; the 
erease in insulin secretion causes hypoglycemia. Administration of glucose 
ds to ameliorate the symptoms and surgical removal often has a permanent 
neficial result. Hypoglycemia also may be caused by a diminution in the 
eretion of those glands of internal secretion which have an opposite effect to the 

nds of Langerhans; namely, the anterior pituitary, the thyroid, and either 
e cortical or medullary parts of the adrenal gland. An inhibited pituitary 
eretion, with hypoglycemia, is seen in Simmond’s disease. The adrenal 
ortex is affected in Addison’s disease with similar effect upon the olycemia. 
n regard to the thyroid, there is increased susceptibility to insulin after 
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surgical removal of that gland. In those pathological conditions of the live 
in which there is a great liver damage, hypoglycemia is often discovered. Acut 
yellow atrophy and hepatitis are examples. These may be referred to th 
inability of the liver to take its usual part in carbohydrate transformations. 


INFLUENCE OF OTHER ENDOCRINE GLANDS UPON 
CARBOHYDRATE METABOLISM 


That the pancreas is not the only gland having an influence upon carbo 
hydrate metabolism has previously been mentioned. This might have been sus 
pected from one curious fact which has been known for a long time. In exper 
mental pancreatic diabetes almost the entire pancreas must be removed befor 
diabetes ensues. Sometimes about one-seventh may be left in connection wit 
the pancreatic duct, to provide the digestive fluid, but that is the maximum 
Yet many human diabetic cases that come to autopsy have apparently n 
destruction of pancreatic tissue whatever. It would seem that if the pancrea 
alone were involved, more degenerative changes would be seen by the pathol 
ogist. It is known that some clinical disturbances of the adrenal and pituitar 
glands are associated with hypo- or hyperglycemia. The effect of stimulation 0 
the adrenal medulla and of injection of adrenaline has been mentioned befor 
This internal secretion has some control over both liver and muscle glyec 
genolysis. Moderate dosage will first lower liver glycogen and muscle glycoge 
and then raise liver glycogen, because muscle glycogen is changed to lactic aei 
which is carried to the liver and enters into liver glycogenesis. A higher dosag 
of adrenaline will result in a decrease of both muscle and liver glycogen becaus 
of the loss of sugar in the urine. 

Acromegaly is a hyperpituitary condition. It is often accompanied b 
hyperglycemia and glucosuria. It is an affection of the anterior pituitary glan 
(see Chapter 23 for fuller discussion of the endocrine glands). Thus it appear 
that the anterior pituitary secretion is antagonistic to that of the islands o 
Langerhans. This is not an antagonism of a chemical nature. That is, the 
do not neutralize each other in vitro, but they have opposing physiologies 
effects. An anterior pituitary extract will accordingly cause hyperglycemi 
upon injection and will oppose the effect of a simultaneous injection of insulir 
Removal of the anterior pituitary gland (hypophysectomy) renders the animé 
hypersensitive to insulin. Houssay showed that if a hypophysectomized animé 
were later depancreatized, either no diabetes resulted or only a very mild form 
Both the diabetes preventive substance (insulin) and its antagonist formed b 
the pituitary are absent in such an animal. An animal having this doubl 
operation is known as the ‘‘Houssay animal.’’ The active substance of th 
anterior pituitary may be termed the insulin-antagonizing factor, or pancreate 
tropic substance. Its influence on hexokinase and the opposing action of insullil 
were mentioned on page 440, 

4 oes 7 ee eae ae oS discovered by Young and is ealle 
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ays. S seems > due to a destruction of the B cells and complet 
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s of insulin from the pancreas. This is similar to the action of alloxan. (Ham 
d Haist.) Both influences of the anterior pituitary are now considered to 
due to the action of the growth hormone. (See page 623.) 


In Addison’s disease, a pathological condition of the adrenal cortex, the 
od sugar is usually very low. This can be imitated experimentally. Removal 
both adrenal glands has the same effect, and it has been demonstrated to be 
e to the loss of the cortex rather than to the medulla. Furthermore, although 
renal cortical extract by itself has no influence, it can intensify the inhibitory 
ect of anterior pituitary extract upon the glucokinase phosphorylating re- 
Hon. (Price, 1946.) This also demonstrates the antagonistic relationship 
[ween the adrenal cortex function and that of the internal function of the 
nereas. Long and Lukens showed a relationship similar to Houssay’s for the 
renal and pancreas. That is to say, adrenalectomy attenuates the diabetes 
julting from depancreatization. In such ‘‘Long’’ animals, administration of 
> hormone of the adrenal cortex accentuates the diabetic condition. 


The thyroid, too, has an influence upon carbohydrate metabolism. Hyper- 
yroidism, as exemplified by exophthalmie goiter, is often accompanied by 
zht hyperglycemia and glycosuria. At first glance this is paradoxical since 
increased thyroid activity is associated with heightened metabolism, which 
uld seem to require a greater utilization of blood sugar. However, the ex- 
ination seems to lie in an increased rate of hepatic gluconeogenesis. The 
yroid hormone also aids in absorption of glucose from the intestinal canal. 
any rate, hyperthyroidism is usually accompanied by hyperglycemia and 
pothyroidism by hypoglycemia. 
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Chapter 17 
LIPID METABOLISM 


Although lipid metabolism embraces the metabolism of all types of lipids, 
most attention will be devoted to the fats. The major part of the lipids of 
the diet is made up of fats, and our knowledge of the biochemistry and physi- 
ology of these compounds is greater than that concerning other lipids. Mueh 
of our basic knowledge of the metabolism and transport of the fats we owe 
to the studies of Bloor and his students. Recently, however, there has been 
a tremendous increase in experimental work on all lipids, not only the fats, 
but also the phospholipids and sterols. 


PHYSIOLOGICAL VALUE OF FATS 


Since the lipids are in general poor conductors of heat, their presence in 
the subcutaneous tissues tends to prevent loss of heat from the body. The 
greater the amount of fat, the more effective is this heat insulation. This is 
one very good reason why persons who have an exceptionally thick layer of 
fat are more comfortable in winter and less comfortable in summer than 
thinner folk. 

Chemically, fats are the best heat producers of the three chief classes of 
foodstuffs. Carbohydrates and proteins each yield about four large calories of 
heat for every gram oxidized in the body, while fats yield nine large calories— 
more than twice as much. This is because there is relatively more carbon and 
hydrogen in relation to oxygen in fats than in proteins or carbohydrates. In 
other words, the fats.are compounds which are less completely oxidized to begin 
with and therefore ean be oxidized further and yield more heat. For example: 


Cc H O 
Glucose, C,H,,0,, contains 40% 7% 53% 
Proteins (approx.) 50 7 25 
Fats, e.g., CyHy0, (tristearin) ae 12 il 


ABSORPTION OF FAT 


There are two hypotheses for the digestion and absorption of fat, the 
Lipolytic Hypothesis, which has been generally accepted in the past, and thet 
more recent Partition Hypothesis. 

The Lipolytic Hypothesis —The neutral fats of the food, triglycerides of thet 
various fatty acids, are emulsified and digested to their constituent fatty acids. 
and glycerol. This digestion, according to this hypothesis, is complete, or nearly! 
so, and occurs chiefly in the small intestine, gastric juice having little: 
lipolytic activity. Animal and vegetable fats seem to be equally well digested: 
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nd absorbed but vary with their melting points. Those melting below 50° C. 
re practically completely digested, while those melting higher are less well 
igested. This is probably related to the degree of emulsification. Absorption 
f the lower melting fats is also better. (Crockett and Deuel.) No absorp- 
jon of fat or its products has ever been shown to occur in the stomach. 
t occurs entirely in the small intestine. In the duodenum the presence of 
ile aids both the digestion and absorption of fats in various ways. It ae- 
ivates the pancreatic lipase and provides a favorable hydrogen ion coneen- 
ration for its activity. The bile salts lower surface tension and thus. pro- 
10te emulsification, to offer a greater surface for enzyme action. The bile 
alts also aid in the absorption of fatty acids by forming water-soluble com- 
lexes. At least 70 per cent of the fat absorbed goes by way of the lacteals 
9 the thoracic duct and thence into the blood stream. The remainder pre- 
umably is carried by the portal circulation. Whether any emulsified, undigested 
at is absorbed or not is a question, but since digestion of the fat to fatty acids 
nd glycerol is assumed to be almost complete, there would seem to be little 
ndigested fat available for absorption in that form. 

In the course of absorption through the intestinal mucosa, the fatty acid and 
lycerol are resynthesized to fat. This is not a simple matter. In the mucosa 
here is a phospholipid which acts as an intermediary between the fatty acids 
n the intestine and the fats sent into the lacteals. As fatty acid is absorbed 
nto the intestinal cell it reacts with the phospholipid to form fat and the 
hosphorie acid-choline complex. This complex takes on more glycerol and 
atty acid as they are absorbed to regenerate a phospholipid. This explanation 
; based on the fact that the total phospholipid content of the intestinal mucosa 
loes not change appreciably during fat absorption, but the type of fatty acids 
ound corresponds with those fed. After resynthesis the fat is extruded from 
he cell into the lacteals. A comparatively small amount goes by way of the 
yortal vein to the liver. 


The Partition Hypothesis.—According to Frazer and his colleagues, pan- 
reatie lipase does not digest fats completely, either in vitro or in vivo. No 
lycerol can be isolated from such digestions. The triglycerides are digested to 
li- and monoglycerides and fatty acids. It also appears that a mixture of the 
ower glycerides with bile salts and fatty acids furnishes the best medium for 
mulsification of fats. Consequently, after an initial digestion of a small 
mount of fat to mono- or diglyceride and fatty acid, these compounds, together 
ith bile salts, start to emulsify the rest of the fat. This may occur with a 
inimum of agitation. The emulsified fat may now be more easily digested 
ecause of the vast surface area available, but a great deal of it remains as emulsi- 
ed triglyceride. The initial stages of lipolysis may be rapid, but the rate soon 
ssens, before 30 per cent of the contained fatty acids have been liberated. This 
largely because it is only the initial flow of pancreatic juice that is high in 










ipase. ; 

In regard to absorption, the fatty acids are absorbed to some extent as bile 
It-fatty acid complexes, but this is not as extensive as was formerly believed to 
e the case. There is not enough bile available. However, according to the 
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Partition Theory there is not as much fatty acid liberated as would be expectec 
if the fats were completely hydrolyzed. They are absorbed via the portal vei 
and pass to the liver. The glycerides, including the fat globules, are absorbec 
directly through tiny canals in the membranes of the intestinal mucosal cells an 
eo by way of the lacteals, thoracie duct, and systemic circulation to the fa 
depots. To repeat, the fatty acid fraction goes to the liver and the glyceride 
to the fat depots. Recently some doubt has been cast upon the validity of thi 
differentiation of pathways of absorption, at least as regards the rat. Fatt; 
acids, labeled in various ways, have been recovered from the lymph in the sam 
amounts whether given as free acids or as glycerides. (Bloom; Reiser an 
Bryson.) Apparently some of the ingested labeled fat was hydrolyzed com 
pletely, and the glycerol liberated was not utilized for resynthesis of fat bu 
followed an independent metabolic pathway. However, there was evidene 
of the formation of a considerable amount of monoglycerides. (Reiser, 1952. 


FAT FROM CARBOHYDRATES AND PROTEINS 


In addition to the fat derived from food fat, it is well known that bod 
fat may come from carbohydrate and protein. This has been discussed unde 
carbohydrate metabolism (Chapter 16) since it involves a change in the carbe 
hydrate molecule. The non-nitrogenous portion of some of the amino acids 1 
converted into glucose, and this glucose, as well as other utilizable sugars, i 
changed to fat. The proof that carbohydrates are changed to fatty acids ha 
been furnished by Schoenheimer and Rittenberg. To the drinking water of mic 
was added heavy water so that the concentration of ‘‘D,O”’ in all of the bod 
fluids became constant. The animals were on a high carbohydrate diet. Th 
deuterium content of the fatty acid rose rapidly. Since all synthetic reaction 
involving tissue fluids were using a proportionate amount of heavy water, thi 
result indicated that carbohydrate and water were entering into the synthesi 
of fatty acid. 

Positive demonstration of the synthesis of fat from protein has been give 
by Longenecker. He fed a diet containing casein, salts, and yeast, i.e., almos 
no carbohydrate or lipid, to rats which had been fasted to deplete them of thei 
stores of fat. They regained their original weight on this diet and analysis o 
the tissues showed that a large percentage of the new tissue was fat. 

Chaikoff fed glucose labeled with C™ to mice. The isotope was subsequent] 
found in tissue palmitic acid. This occurred largely in the liver, but also i 
other organs. On a high carbohydrate diet this fatty acid formation exceed 
olycogenesis. 

For the synthesis of fat from carbohydrates, thiamine is needed, and in th 
synthesis of fat from protein, pyridoxine is also required, as well as thiamine an! 
perhaps other members of the vitamin B complex. (MeHenry and Gavin.) 


TRANSPORT OF FAT 


| Since both fat and fatty acids are insoluble in water, consideration mu: 
e given to the means whereby they are carried in the blood and lymph. Some «a 
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: fatty acid, perhaps in the bile salt-fatty acid combination, is carried in the 
rtal circulation as far as the liver, where the bile salt is detached and secreted 
o the bile. Most of the fat, however, is resynthesized probably in the way de- 
ibed. Some of the fat globules are incorporated into leucocytes, which carry 
m to the lacteals. But just how most of the resynthesized fat passes out of 
; intestinal epithelial cells and into the lacteals is not known. The lacteals 
ir their contents into the celiac lymph nodes and into the superior mesenteric 
nph nodes, which empty mainly into the intestinal lymph trunk. Thence the 
ite is into the thoracic duct, through the cisterna chyli, and finally into the 
od system at the junction of the left internal jugular and subclavian veins. 
e fat, then, minutely subdivided, may be ‘seen as microscopic particles, 
hylomicrons,’’ in the blood. If a sample of blood is taken four or five hours 
er a meal rich in fat, the plasma will be seen to be quite turbid or even 
ky, due to the presence of large amounts of suspended fat. 

All of the fatty acid present in blood is not in the form of neutral fat. 
olesterol carries some fatty acid as cholesterol esters. The proportion of 
lesterol as esters is normally about 60 to 70 per cent of the total cholesterol 
the plasma. The phospholipids are not important in fatty acid transport 
the blood, although, as mentioned before, they function in the intestinal 
cosa during absorption. When palmitic acid, tagged with C'* in the ecar- 
<yl group, was fed to rats, 96 per cent of the tagged acid was recovered in 
ms other than phospholipids. (Bloom, 1951.) 

In view of the fact that blood plasma cannot be completely freed of lipids 
extraction with organic solvents, it has long been evident that they do not 
st in the free state. A considerable proportion is combined with protein. 
ese appear to be in the globulin fraction. The ‘‘f,-lipoprotein’’ was found 
contain 8 per cent free cholesterol, 39 per cent cholesterol esters, and 29 
» cent phospholipids. Most of the plasma cholesterol is present in this form. 
neley.) 

Changes Occurring in the Liver 
A large proportion of the absorbed fat is carried to the liver for temporary 


rage. This includes not only any fat which may go by way of the portal 
eulation, but also the fat circulating in the systemic circulation. Here a 








TABLE XXXIV 
PLASMA LipiIps or NorMAL YouNG WOMEN* 


MG. PER CENT 






Total lipid 


Neutral fat 154 
Total fatty acid (iodine number, 88.5) 353 
Phospholipid fatty acid (iodine number, 124) 130 
Cholesterol ester fatty acid 77 
Neutral fat fatty acid 146 
Total cholesterol 162 
Combined cholesterol 115 
Free cholesterol ath 


Phospholipid 
*After Boyd, BE. M.: J. Biol. Chem. 101: 323, 1933. 
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very large part, if not all, is transformed to phospholipid, in which form it m 
be sent into the blood stream for distribution to the diverse organs and tissu 
If this transformation to phospholipid is prevented, there is a deposition of 
in the liver, that is, ‘‘fatty liver’? occurs, which is an abnormal and seric 
condition. For the building of lecithin, choline of course is needed, or the e 
stituents from which choline ean be produced. Therefore, choline or its p 
cursors will prevent, or cure, fatty livers. From Table XXXIV it will be se 
that the phospholipids are present in blood plasma in greater amount than eit] 
cholesterol or neutral fat. The liver plays other important roles in fat met 
olism which will appear later on. 


FATE OF FAT IN THE BODY 


Fats and other lipids are (1) oxidized to provide heat and energy, ( 
stored for future utilization, (3) secreted in milk, or (4) excreted in the fee 
Much of the milk fat originates in the neutral fat of blood, which in turn con 
most readily from food fat. Feeding large quantities of cottonseed oil to eo 
will change the properties of the butterfat considerably. Although fat can 
derived from carbohydrate and from protein, a lactating animal cannot prodt 
milk of high fat content if the diet is too low in fat. That is, synthesis eanr 
quite keep pace with the demand for fat. The utilization of intravenous 
administered fat has been discussed on page 406. 


The total lipids of the feces make up about one-third of their dry weig 
There is very little neutral fat or phospholipid present in this. In fact, most 
the fecal lipids are not food residues which have escaped digestion and absoi 
tion. The distribution of the fatty acids in the fecal lipids more nearly resemb 
that of the blood than of the food. This suggests that they represent a secretic 
Moreover, they continue to be found in the stools’ even during fasting as w 
as when a bile fistula is present. It thus appears that normally the fecal lipi 
are not chiefly derived from bile but that the intestinal mucosa exeretes most 
the fatty acids found in the feces. It also exeretes some cholesterol. The pla 
sterols of the food, as well, as excess cholesterol of the food, go right throu 
the intestinal canal into the feces. Bacteria change some of the cholesterol 
coprosterol in the intestine and possibly also effect changes in plant sterols. 


Storage of Fats 


The fats and other lipids are deposited in various tissues of the boc 
If an animal is starved for a long time, there will still be found lipid in t 
tissues. This is not fat but probably phospholipid. It has been ealled t 
élément constant and is independent of previous feeding. It is believed that tl 
lipid is essential to the life of the cells. This is structural or functional mater? 
essential to the framework of the cell or to its proper activities. Lipids whi 
are stored in excess of this have been termed élément variable, which indica} 
that the amount is quite inconstant. This represents the excess of intake ov 
immediate utilization and when deposited in large masses is called depot f. 
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which case it is the true adipose tissue. It is stored primarily for its fuel 
Iue but secondarily has other uses. Thus, it is an insulator against heat 
3S; 1t serves to pad joints, nerves, and organs against shock; it may support 
dneys or other organs. In visceroptosis the abdominal viscera drop because of 
0 little support. This may occur when rapid loss of weight in obese individuals 
moves the supporting adipose tissue. Other functions include transformation 
to milk fat or into other lipids, such as the phospholipids, sterol esters, or 
rebrosides, or to be used as fat for the fetus. 


Each species of animal tends to store a characteristic mixture of fats. 
rely to mention lard, mutton fat, chicken fat, and fish oils will indicate how 
le this is. And yet this characteristic fat can be modified by feeding large 
dugh quantities of some unusual lipid. Unsaturated fats, low molecular fats 
L synthesized by the animal, and halogenated fatty acids are examples of 
ids which have been found to modify the body fats of animals to which they 
re fed. I'eeding mutton fat with a high melting point to a dog raised the 
Iting point of the animal’s fat from about 20° to about 40° C., while linseed 
lowered it to 0° C. (Lebedeff). This is unusual and is due to forcing the 
oreign’’ fatty acid. Under normal conditions the animal deposits fat having a 
lting point not far from its own body temperature. It is therefore evident 
t in order to deposit its own peculiar fat under ordinary circumstances the 
anism must oxidize unwanted fatty acids, retain those which are suitable, 
er others, and even synthesize some. 


Until quite recently it was the general opinion that the body used or 
dized as much fat as it needed, stored the rest, and that these fat deposits 
iained, like hoarded gold, inactive until withdrawn for use. This is not the 
e. The experiments of Schoenheimer and his co-workers, and of Eckstein, 
igenecker, and others are responsible for this change in scientific opinion. 
ng fats containing fatty acids tagged with deuterium, the following facts 
e been brought out. Even small amounts of tagged fatty acids in the diet 
first incorporated into body fat before they are oxidized. Since no changes 
body weight or in total body fat occurred in these experiments, it is evident 
t there must have been a simultaneous removal of fatty acids from the body 
to make room for the dietary fat. This is further shown by the fact that the 
terium rapidly disappears from the body fat as soon as the dietary fat is 

ged to untagged fat. Apparently before fatty acid can be oxidized it must 
neorporated into the body fats. The body fat, therefore, is not an inert mass 
is a part of a dynamic system, the fatty acids being continually deposited 
withdrawn. This deposition of marked fatty acids only occurs when they 
of rather high molecular weight (above C,,). Those of low molecular weight 
directly consumed for energy. 

Fatty Livers.—Excessive amounts of fat in the liver have been seen by 
ologists at autopsy for many years. I*atty ‘‘degeneration’’ and fatty 

Itration’’ are terms for some of these conditions. Consequently the ex- 
mental study of fatty livers must be of more than passing interest. The 

fatty ‘‘degeneration’’ is a physical change in the cell and does not neces- 


452 HUMAN BIOCHEMISTRY 


~~ 


sarily involve a change in the amount of fat. In fatty ‘‘infiltration’’ there i 
an increase in the fat intracellularly. Most of the ‘‘fatty livers’’ to be discusses 
under this heading are instances of fatty ‘infiltration.”’ 

Depancreatized dogs, besides becoming diabetic, develop fatty livers. Thi 
occurs even if the animal is treated with insulin to control the hyperglycemiz 
Feeding raw pancreas can prevent the condition from occurring. The explanée 
tion first offered was that the raw pancreas furnished the pancreatic enzyme 
which were absent in a depancreatized animal. Later it was shown tha 
lecithin had just as good an effect as pancreas, and finally it was narrowe 
down to one component of lecithin, namely, choline (Hershey). Other sul 
stances which affected this type of fatty liver were betaine and triethylcholin 
Such substances are called ‘‘lipotropic,’’ which simply means that they pre 
vent, or cure, fatty livers. Certain proteins, notably casein, are also lipe 
tropic. This was shown by Eckstein to be related to their high content o 
methionine, and a combination of two or more amino acids, in addition t 
methionine, is needed for a complete lipotropie action. (Elvehjem.) Cystin 
however, if fed together with a low choline diet, tends to cause fatty liver: 
and there are a number of other methods of inducing this condition. 


Depot Fatty Acids 


Liver Fatty Acids 


a b c 
Synthesis Diet Degradation 
from carbohydrates, Fat 


etc. (thiamine required) 


Fig. 56.—The sources and fates of liver fatty acids. (After Stetten and Salcedo.) 


In attempting to account for some of these phenomena, the diagram i 
Fig. 56 may be of some assistance. This indicates the sources and fates of live 
fatty acids and their relationship to depot fatty acids. Part of the explané 
tion lies in the fact that a great deal of the fatty acid is converted int 
phospholipids, and choline is required for their formation. These, as hé 
been stated before, must be formed from fats in the liver before they ¢a 
be sent forth to be used by the tissues. If choline, or the ‘‘makings”’ of cholin 
are not present, the fats will accumulate and clog up the liver. It will be remem 
bered that the animal organism eannot readily synthesize methyl groups. Thé 
are mostly obtained by ‘‘transmethylation’’; that is, the transfer of labile CH! 
from appropriate donor compounds to acceptors. Methionine, betaine, ete., a! 
lipotropic because they can transfer their methyl groups to ensure the synthes 
of choline. Then choline unites with phosphorie acid, fatty acids, and glycerol | 
form lecithin in the liver and replace the neutral fat with this phospholina 
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low choline diet, therefore, will produce fatty livers because of impaired trans- 
portation of fatty acids from liver to the fat depots via route d. Cystine has an 
opposite effect to choline because it accepts methyl groups. 


This seems a simple and logical explanation. It is not, however, the whole 
story. In treating a depancreatized dog with choline, at least 1 Gm. a day is 
needed. The effective amount of raw pancreas supplies only about 6 per cent 
Mf this requirement. Dragstedt and his associates prepared an extract of the 
ancreas which they considered an internal secretion (in addition to insulin) 
ind which they named ‘‘lipocaic.’’? This was effective in preventing or curing 
atty liver. There is a great deal of controversy regarding lipocaic, some sup- 
yorting Dragstedt’s contention, others stating that it owes its efficacy entirely 
0 choline, and still others maintaining that pancreatic juice is just as effective 
is the pancreatic tissue extract. McHenry suggests that the fatty liver of the 
lepancreatized dog is due to the positive action of a toxie substance present in 
he meat of the diet, together with a failure of digestion which prevents the 
iberation of a lipotropic factor. The ‘‘toxie’’ substance may be biotin, which 
inder ordinary conditions has a beneficial physiological effect. Pancreatic ex- 
racts contain the free lipotropie factor which is absorbed and tends to prevent 
‘at deposition. This factor may possibly be inositol. The diet usually contains 
holine and protein, with its methionine, which are also lipotropic. If raw 
vancreas is fed, it aids in the digestion and liberation of the lipotropie factor, 
nethionine. 

Fatty livers may also be induced by feeding an excess of cholesterol or an 
xcess of fat. This would appear to be an increased rate of fatty acid formation 
long route b. In both cases choline will only diminish the deposition of that 
raction of lipid consisting of neutral fats. It has little or no effect upon the 
holesterol fraction. Inositol, another lipotropie agent, has a marked effect in 
educing the amount of cholesterol in the liver. Choline also has no inhibiting 
ction on the fatty livers produced by phosphorus poisoning or certain other 
pecific hepatic poisons. It is interesting to note that diets which produce fatty 
ivers fail to do so unless thiamine is present. That is, diets low in choline, 
yhether high or low in fat, will not result in fatty livers in the absence of 
itamin B,. The vitamin is probably essential for the conversion of carbohy- 
rate to fat, and route a indicates this line of action. Riboflavin has a similar 

ect. The feeding of cystine also seems to result in increased synthesis (route 
), as well as in antagonism to choline. 

When anterior pituitary substance or the ‘‘ketogenic’’ fractions of anterior 

ituitary extract are administered to animals, fatty livers result. This is caused 
excessive mobilization of depot fat and its migration to the liver. This is a 
imulation of process e and cannot be prevented by choline. (Stetten.) 


o summarize: 
1. Fatty livers caused by depancreatization are prevented by (a) large 
ounts of choline or labile methyl donors or (b) by lipocaic. The labile 
ethyl donors produce choline, which is needed for lecithin formation. Lipocaie 
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may owe its action to a vitamin, inositol. Raw pancreas is also effective because 
it aids in the digestion of food and liberation of inositol and methionine. More- 
over, plant proteases, when fed, also prevent fatty liver formation. (Feinberg.) 

2. The same treatment is effective in fatty livers, resulting from a low 
choline diet, high fat feeding, and with respect to the neutral fats deposited, 
from high cholesterol diets. 

3. Choline or lecithin feeding does not affect fatty livers, which are due to 
phosphorus poisoning or to anterior pituitary administration, since in both cases 
the accumulation of liver fat is derived from the fat depots of the body. 

Obesity.— Obesity is ‘‘that state in which the accumulation of reserve fat 
becomes so extreme that the functions of the organism are interfered with.” 
It may arise from (a) overeating or (b) diminished utilization, or a combina- 
tion of both. Various theories have been proposed to explain how this occurs. 
Among these is the hypothesis that the basal metabolic rate is low and, there- 
fore, with a normal intake of food an excess of calories is available. As will 
be seen, the basal metabolic rate diminishes slightly as the individual grows 
older. Often his food consumption is not decreased proportionately, and as a 
‘ consequence obesity may result. Otherwise obesity cannot be accounted for 
by a diminution in the basal metabolic rate. In fact, the heat production of 
obese individuals is usually above normal, except when the obesity is associated 
with hypothyroidism. It has also been claimed that obese individuals show 
lower specific dynamic effects of foods than do normal people (see Chapter 21). 
This, too, has been proved incorrect. Nevertheless, persons afflicted with extreme 
obesity frequently cannot lose weight in spite of most rigorous undernutrition. 
Since the laws of conservation of matter and energy operate under all cireum- 
stances, it is possible that the answer to this problem may be found in a study 
of the water balance (see page 569). The person’s tissues retain water more 
tenaciously than normally and, perhaps, water takes the place of the fat which 
is lost. Just how the endocrine glands fit into the picture is difficult to explain. 
They may control water balance; they may influence the patient’s ‘‘urge’’ for 
work. It is fairly definitely established that they do not directly cause the 


formation of adipose tissue, although they do seem to influence the pattern of the 
distribution of such tissue. 


OXIDATION OF FATTY ACIDS 


It is usually assumed that the glycerol fraction of the fat is handled in 
much the same way as the carbohydrates. We have seen that three carbon chains! 
arise from a splitting of the hexoses and are oxidized eventually to CO, and 
H,0, and there is no reason why glycerol from fat should not follow a similar 
path. Probably there is first a phosphorylation and an oxidation to 3-phospho-. 
glyceraldehyde or to some similar derivative. The path shown on page 400 will’ 
show the possible further route. That glycerol can enter into synthetie earbohy-: 


drate reactions 1s seen in the fact that, when glycerol is fed to diabetic animals, 
it 1s excreted as glucose. 


- 
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aa iba of ‘ap mania aie acids has been the subject of many 
ona hs thane ee a a the hypothesis that ‘the first step in the 
cots chat eee re desaturation in the liver. The evi- 
ett alee em ve : at the sch fatty acids are more unsaturated 
(although not necessaril a wees aoe hr ae 
y in the liver) has come from isotope experiments. 
Saturated fatty acids containing deuterium when fed have been isolated as 
unsaturated acids. Saturation of unsaturated acids also occurs, as well as the 
lengthening or shortening of the chains (Schoenhcimer). Apparently desatura- 
tion occurs only in definite patterns and not in others. Thus the ‘‘essential 
fatty acids,’’ linoleic and linolenic acids, cannot be formed in the animal body. 
They are the homologs of oleic acid, with two and three double bonds, respec: 
tively, instead of one. At the present time it is not definitely known whether 
or not desaturation is a prerequisite for oxidation of fatty acids. Ilowever, it un- 
doubtedly does oceur, but to the extent of only one double bond in each molecule. 
Since only one double bond can be introduced into a fatty acid by the body, it 
is evident why linoleic and linolenic acids must be ingested and are, therefore, 
“‘essential.’’ Chemically a double bond is a definite point of weakness and - 
would seem to render the chain more susceptible to oxidation. The intro- 
duction of a double bond is catalyzed by a dehydrogenase of the liver. 

The most generally accepted hypothesis of fatty acid oxidation is the one 
ealled beta-oxidation. When fatty acids of different lengths are fed to man or 
animals, no derivatives can be isolated from blood or urine which will throw 
any light on the mechanism whereby they are broken down. Consequently 
Knoop conceived the idea of tagging the fatty acids in 1904, a time when isotope 
experiments were not possible. Ilis method was to feed the phenyl derivatives 
and isolate the compound containing the benzene ring from the urine. Benzoic 
acid is not oxidized by the body but combines with glycine to form hippuric 
acid, C,H, CO‘NH-CH,:COOH. The next higher acid, phenyl acetic acid, was 
eliminated as phenaceturic acid, C,H,-CH,-CO-NH-CH,-COOH, a combination of 
phenylacetie acid with the same amino acid, glycine. Now, on feeding the third 
in the series, phenylpropionic acid, the next higher homolog to phenaceturic 
acid was not formed, but hippuric acid instead. Going up one step further, 
phenylbutyrie acid was transformed to phenaceturic acid. That is: 


C,H,;COOH eliminated as ©,H,CO-NH-CH,COOH 
C,H,CH,COOH eliminated as C,H,-CH,-CO:-NH:CH,:-COOH 
C,H,CH,CH,COOH eliminated as ©,H,-CO-NH-CH,-COOH 


C,H,CH,CH,CH,COOH eliminated as C,H, CH,CO-NH:CH,- COOH 


nspection of this series will show that the first and third set have the same de- 
mposition product. In order to accomplish this, phenylpropionic acid had to 
ose two carbons. The same relationship exists between the second and fourth 
t. The conclusion was reached that the fatty acid chain loses two carbon atoms 
t a time, i.e., that oxidation starts at the beta earbon and when this results in 
he loss of two carbons, the new beta carbon is attacked, and so on. 
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With a long-chain fatty acid, we would have, on the basis of this hypothesis, 
a chain of reactions somewhat as follows: 


R R R R ‘ 
| 
du, du, CH, Oa, tad 
dx, du, dir, ae COOH -— ete. 
| | ee 
dur, — CH, in re GH: 
_ 

du, eae COOH —> COOH door 

| [iy ceatenrethe 

CH, va ain 

dootr COOH COOH 
CH, CH, CH, CH, 2 CO, 
| | | os + 
CH, | <z | > SE ES 2 

ay > CH, CH, CH, 2 CO, 

| | | | > .+ 
COOH COOH COOH OOH 2 H,O 
Butyric Acetoacetic B Hydroxybutyric 

acid acid acid 


There is a good deal of additional evidence that beta oxidation is at least 
the first step in fatty acid oxidation. Under most circumstances, four-carbon 
chains seem to result from fatty acid degradation. Perfusion of isolated livers 
with blood containing fatty acids results in the formation of acetoacetie acid 
(Embden). Similar results have been obtained by Dakin by the oxidation of 
fatty acids in vitro. More recently, Schoenheimer and Rittenberg have shown 
that tagged stearic acid (18 C’s) when fed could be isolated as palmitic acid 
(16 C’s). The reverse also occurred. 

It will be noted that in beta oxidation, B-hydroxybutyrie acid and acetoacetie 
acid are normal intermediate products. As will be seen later, they appear in 
blood and urine in large amounts under certain abnormal conditions. It will be 
evident that it is not their production which is abnormal but rather their over- 
production ; i.e., the formation of an excess of these four-carbon chains beyond 
the capacity of the extrahepatic tissues to utilize them. In beta oxidation, as 
outlined, only one molecule of acetoacetie acid should be produced from each 
molecule of fatty acid. When certain fatty acids are fed under suitable condi- 
tions, more than one molecule of acetoacetic acid can be recovered from the urine 
(Deuel). Probably palmitic, stearic, and oleic acids break up into at least three 
fragments per molecule, each of which is capable of transformation into diacetic 
acid. Each fragment then undergoes beta oxidation. It is also probable that 
caproie and butyric acids are broken down by beta oxidation. The eight- to 
fourteen-carbon chains may undergo ‘‘multiple alternate oxidation.’’ (Hurtley.)’ 
This may be illustrated by the following scheme for octanoie acid. 


CH,—-CH,—CH,—CH,—CH,—CH,—CH,—COOH 

Y 
CH,;,—CO—CH,—CO—CH,—CO—CH,—COOH 

y 
CH,;—CO—CH,—COOH + CH,;,—CO—CH,COOH 
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A more recent theory is that of Mackay and his co-workers. It may be 
ealled the *‘beta oxidation—condensation’’ theory. It is based on studies in vitro 
of the effect of liver tissue upon fatty acids (Jowett and Quastel), and upon 
feeding experiments. Propionic acid (C;) did not yield ketone bodies but did 
lead to the production of glycogen. Butyrie acid (C,) produced ketones; i.e., 
it was ketogenic, as were also valeric (C,) and hexanoie (C,) acids. The C, 
compound yielded more ketone bodies than the C, compound. This fact could 
not be explained by the orthodox beta oxidation theory nor by multiple alternate 
oxidation. I'urthermore, the C; acid gave rise to glycogen and ketone bodies, 
and the C,; acid produced glycogen and more ketone bodies. This seemed to 
indicate that a C, chain might be converted into ketone bodies, and, indeed it 
was found that when acetic acid was fed to fasting rats or phlorizinized dogs, 
acetone bodies were excreted in the urine. The theory is that all fatty acid 
chains, odd or even, are oxidized at each alternate carbon atom, as in ‘‘multiple 
alternate oxidation.’’ The molecule then splits at every keto group to form 
acetic acid molecules, except where a three-carbon chain is left. Such a chain 
forms propionic acid which is glycogenic, not ketogenic. (However, this would 
not happen in the case of naturally oeeurring fatty acids because all of them 
have an even number of carbons in their chains.) Pairs of acetic acid molecules 
then condense to form acetoacetic acid. The following scheme will illustrate 
further : 


|. CH.—_CH,—CH.—_CH.—_CH,—_CH, —-CH, CH, — CH, —CH, —CH, CH, CH, CH, COOH 
J . 

H,—CO — CH,—CO — CH,—CO —CH,—CO — CH,— CO —CH,—CO — CH,—CO —CH,—COOH 
1 

1H7,COOH CH,COOH CH,COOH CH,COOH CH,COOH CH,COOH CH,COOH CH,COOH 
J 

‘H,—_CO—CH,—COOH CH,;,—CO—CH,—COOH CH;—CO—CH,COOH CH,—CO—CH,COOH 

An ingenious experiment has recently been described which supports the 
beta oxidation condensation theory. Rat liver slices were incubated with 
octanoic acid, containing isotopic carbon (C**) in its carboxyl group. It oxida- 


tion of this acid oceurred by simple beta oxidation, there would result acetoacetic 
acid containing no C1, because the carboxyl end is oxidized off, two carbons at 


a time. 
c—c—c—c—c—c—Cc—c"00H —» CH,COCH,COOH 


In oxidation by multiple alternate oxidation, the C8 should be only in the 
earboxyl group, which is presumably always split off as acétoacetic acid. 


c—c—c—c—c—Cc—C—C*OOH — CH,COCH,C*OOH 


But by beta oxidation-condensation, the C** should be evenly distributed be- 
tween carbonyl and carboxyl carbons of the resulting acetoacetic acid. This 
follows because acetic acid molecules arise first, and some of these supply the 
earboxyl end and others the ketone end of the acetoacetie acid formed. 


c—_c—c—c—c—Cc—C—C00H -— CH,C¥00H 
L 
CH,COCH,C"“OOH or CH,C®0CH,C*OOH or CH,C*0CH,COOH 
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The results of the experiments showed some of the C** in the carbonyl group, 
indicating that oxidation of fatty acids proceeds in large part by this beta 
oxidation condensation mechanism. (Weinhouse.) The conclusion to be drawn 
from these experiments is that at least part of the fatty acids is broken down 
to two carbon units and then rebuilt to the four-carbon acetoacetic acid. 

Further experimentation with isotope-containing compounds indicates that 
the various organs differ in their ability to metabolize acetate and the ketone 
bodies. Thus, ketone body formation takes place in rat kidney as well as rat 
liver, but in the heart muscle acetate is oxidized without the intermediate con- 
version to ketone bodies. Furthermore, while the liver is unable to break down 
ketone bodies, the kidney and heart can do so very rapidly. 

Recently coenzyme A (see page 296) has been shown to be involved in 
the breakdown and build-up of fatty acid chains, as well as in the utilization 
of the C. fragments in other ways. The work of Lynen, Mahler and others 
suggests the following scheme.* 


CH,(CH,) .—CH,—CH,—_ COOH 
Fatty acid activating enzyme + | CoA—SH + ATP, Mg** 


CH,(CH,) »—CH,—CH,—_CO~S—coA + AMP + Pyrophosphate 


Dehydrogenase | 2 on 
+ FAD - 
CH;(CH,) »—CH—=CH—CO~S—coA + FADH, 


Hydrase | + H,O 


CH, (CH,).—CHOH—CH,—CO~S 


Dehydrogenase | _ oH 
+ DPN 5 


CH, (CH,).—CO—CH,—CO~S—coA + DPNH + H+ 





coA 





Cleavage enzyme | + CoA—SH 
CH,(CH,) ».—CO~S—coA + CH,—CO~S—coA 
Acetyl-coA 
This is, in effect, a beta oxidation, the fatty acid losing two carbons. The 
process may be repeated, again and again, two carbons being cut off each time. 
Acetoacetic acid may be formed from two molecules of acetyl-coA, resulting 
from the above series of reactions, as follows: 


2 Acetyl-coA = Acetoacetyl-coA + CoA 


In the liver there is an enzyme which hydrolyzes acetoacetyl-coA, liberating 
acetoacetic acid: 


pa ae « , wa ta : > 
Acetoacetyl ~ coA + H,O ¢ Acetoacetic acid + CoA 
Deacylase 


Acetyl-ecoA, it will be remembered, is the form in which C, fragments enter 
the tricarboxylie acid cycle. (See page 426.) The oxidases concerned in| 


* Abbreviations used in this scheme are: ATP si i i 
Sphoaphates: ae rie ae ice ne >: ATP, adenosinetriphosphate ; AMP, adenosine- - 
pyridine nucleotide; DPNH, reduced ae BAP Hag eeaneed PAD? DEN ee 
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these reactions are firmly bound to the mitochondria of the cells, and they 
oxidize long fatty acid chains better than short ones. 

For the synthesis of fatty acids by the body, two carbon units are used. 
Short-chain fatty acids, as well as glucose, pyruvate, acetone, and ketogenic 
amino acids, are degraded into 2-earbon fragments prior to lipogenesis, Gurin 
has found that extracts of pigeon liver are capable of converting C1*-labeled 
acetate into long-chain saturated fatty acids. It appears that rapid glycolysis 
is a primary requirement if this is to be accomplished efficiently, and it is quite 
likely that synthesis occurs by the reverse of the degradative reactions given 
above. Long-chain fatty acids may also be lengthened, at the carboxyl end, 
by the addition of C, units. Thus myristie acid (Cis) was transformed into 
palmitic acid (C,,), and palmitie acid into stearic acid (Cis). These changes 
also occur in the liver. (Anker; Zabin.) Sinee coenzyme A levels and the 
capacity to synthesize lipids run parallel, it is evident that coenzyme A plays 
an important part in lipid synthesis. This holds for cholesterol as well as for 
fatty acids. (Klein and Lipmann.) 


KETOGENESIS 


The term ketogenesis means the formation of ‘‘ketone bodies.’’? The ketone 
bodies include, besides acetoacetic acid, beta hydroxybutyric acid and acetone. 
Acetone, however, is merely a breakdown product of either of the other two, 
which are the really important substances concerned. Attention should there- 
fore be centered entirely on acetoacetic acid (diacetice acid) and beta hydroxy- 
butyric acid. Ketosis is the production of ketone bodies in excess of the ability 
of the body to utilize them. It occurs in severe diabetes, in starvation, in the 
“acidosis of childhood,’’ during anesthesia, and it can be precipitated by feeding 
an unbalanced diet, namely, high fats with low carbohydrate. The appearance 
of these compounds in the urine is a danger sign, indicating usually an acidosis, 
and warning the clinician of impending coma. As has been seen, they are normal 
degradation products of the fatty acids, and it is now accepted, on the basis of 
work done on liver slices in vitro, that they are formed in the liver. Himwich 
and his colleagues have corroborated this for the intact animal. The blood flow- 
ing from the liver has a higher concentration of ketone bodies than that flowing 
toward it. Chaikoff and Soskin demonstrated that the removal of the liver from 
a diabetic dog resulted in a drop in the acetone bodies of the blood. Although 
other tissues are capable of producing small amounts of these compounds, the 
liver is by far the chief ‘‘ketogenic’’ organ. It can, in fact, be regarded as 
practically the only site of ketone production. The formation of ketone ats 
is regulated by one of the anterior pituitary hormones, and also, possibly, by a 

ormone secreted by the alpha cells of the islands of Langerhans of the pan- 
creas. (See pages 627 and 435.) . 

Under normal conditions the liver breaks down the fatty acids to the ketone 
bodies and sends them into the blood stream for distribution to the rest $3 vip 
body. It is in the ‘‘extrahepatic”’ tissues that they are oxidized further; the 
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liver does not use them to any appreciable extent. This oxidation occurs by 
way of the tricarboxylie acid cycle. Kidney, muscle, heart, brain, and testes 
all have been shown to utilize these substances. The end products are CO, 
and 1.0. It has recently been found that the injection of the products of 
intermediary fat metabolism can produce pancreatic cellular changes of such 
a nature that a diabetic condition may result. (Nath and Brahmachari.) 


KETOSIS 


‘Knowing that the ketone bodies are produced by the liver and utilized by 
the tissues, a ketosis might conceivably be caused by (1) increased production 
of ketone bodies by the liver, or (2) decreased utilization by the extrahepatic 
tissues. The most common conditions associated with ketosis are starvation 
and diabetes. If the tissues of animals suffering from experimental ketosis are 
tested, they are invariably found to be ketolytic, that is, they utilize the ketone 
bodies, and are just as active in this respect as tissues of normal animals. 

It is, therefore, apparent that in ketosis the liver must produce ketone 
bodies at a rate exceeding the normal capacity of the extrahepatic tissues to 
burn them. Why should this happen? Let us first study some of the observa- 
tions made when the ketone bodies were assumed to be abnormal products of 
fatty acid oxidation. It was known that they occurred in diabetes mellitus, 
starvation, and in other conditions in which carbohydrate reserves were depleted. 
Furthermore, if the carbohydrate metabolism could be improved, the acetone 
production was diminished. This seemed to indicate that the combustion of 
sugar was necessary for the normal utilization of fats. This conception was 
fancifully summed up in the statement of Rosenfeld, ‘‘Fats burn only in the 
flame of carbohydrate.’’ In 1921 Shaffer showed that the oxidation of aceto- 
acetic acid in vitro is catalyzed by the presence of glucose. He grouped food- 
stuffs into two classes, ketogenic and antiketogenic, and stated that in order 
to prevent ketosis there must be a definite ratio between the two classes actually 
being metabolized in the body. That is, a certain amount of glucose, and other 
antiketogenic factors must be used in order to oxidize completely the fatty acids 
and other ketogenie foods. The combustion of glucose was believed to be in- 
ereased in the diabetic under the influence of insulin and its ‘antiketogenie”’ 
effect could thereby become effective. Dietitians planned diets so that the keto- 
genic: antiketogenie ratio would be correct. These mathematically planned 
diets usually were efficacious, but it now appears that their success was a happy 
coincidence because the hypothesis on which they were based is now generally 
held to be incorrect. This was proved by Mirsky and his co-workers, when 
they showed that glucose had no influence on the rate of ketone body utilization 
by the muscles. It was first demonstrated on eviscerated hepatectomized animals 
under various conditions and has been corroborated by other types of experi: 
ments. The conclusion is that the utilization of the ketone bodies is not affected 
by the concomitant consumption of elucose or by the presence of insulin. Yet 


insulin will diminish the ketosis of diabetes, and carbohydrates will do the same 
for the ketosis of starvation. 
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It was stated that ketosis must be due to an overproduction of ketone bodies 
y the liver rather than to a diminished utilization by the extrahepatic tissues. 
Yow it is seen that the consumption of glucose does not cause the body tissues to 
ise more ketone bodies. In fact, they can metabolize only a certain quota of 
hese substances. Stadie has said, ‘‘Up to a certain level fat metabolism is 
omplete and there is no ketonuria. Beyond this level fat metabolism is in- 
omplete and part of the fat is excreted in the form of ketone bodies.’’ The 
eason for the occurrence of ketosis in diabetes is that the body must make 
ip the deficit in carbohydrate calories by burning more fat and more protein. 
‘at is ketogenic and so are some of the amino acids. The rate of ketogenesis 
xceeds that of the utilization of the ketone bodies by the extrahepatic tissues, 
nd therefore ketone bodies accumulate in the blood and are excreted in the 
rine. In starvation the glycogen reserves are depleted first, and then body 
at and body protein are called upon for the energy requirement. Again 
cetogenesis exceeds the ability of the extrahepatic tissues to burn the ketone 
yodies, and ketosis results. Weinhouse and co-workers suggest that carbo- 
drate may exert its effect at the 2-carbon level of fatty acid breakdown. 
-yruvie acid from carbohydrate may be carboxylated to oxaloacetate which 
hen aids in the metabolism of the 2-carbon derivative formed by £-oxidation 
ff fatty acids, by way of the citric acid cycle. 

In diabetes mellitus ketosis can be alleviated by the administration of 
nsulin, usually with carbohydrate, which improves carbohydrate metabolism. 
fhe ketosis of childhood is now ascribed to the fact that the young child does 
1ot retain glycogen as readily as the adult. Feeding sugar brings about a 
slycogenesis and relieves the condition. 


Ketogenic and Antiketogenic Substances 


The ketogenic substances are, of course, all the fatty acids. In addition, at 
east three amino acids belong to this group; namely, leucine, phenylalanine, 
ind tyrosine. Antiketogenic substances, in the sense of preventing the forma- 
jon of the ketone bodies, are the carbohydrates, the glycerol fraction of fat, and 
he following amino acids: glycine, alanine, serine, valine, cysteine, methionine, 
ispartie acid, glutamic acid, proline, ornithine, arginine, histidine, and threo- 
iine. These are antiketogenic because their non-nitrogenous residues are con- 
ertible to glucose. 

Common Pathways of Protein, Carbohydrate, and Fat Metabolism.—The 
onversion of protein to carbohydrate and of carbohydrate to fat has been dis- 
ussed previously. (See page 417.) The conversion of carbohydrate to fat 
as been demonstrated experimentally. When mice were fed glucose labeled 

ith C4, palmitic acid subsequently recovered from liver and other organs 
ontained the carbon tag. On a high carbohydrate diet, fatty acid formation 
ay exceed glycogenesis. (Chaikoff.) The question of the transformation of 
tty acids to carbohydrates has been a much debated one for many years. 
owever, the question is no longer significant in view of the fact that fatty 
cids are largely catabolized to a two-carbon stage. As acetyl-coA these may 
ondense with oxaloacetic acid and thus enter the tricarboxylie acid eycle. 
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Moreover, the conversion of fat to carbohydrate has been directly demo 
strated. Palmitiec acid-6-C'* was injected into a diabetic dog. The urinai 
glucose contained C™. (Abraham.) 
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Fig. 57—Outline of fat metabolism (broken lines indicate possible routes). (Courtesy ¢ 
Dr. Harry Baron.) 
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bolism for all three classes of foodstuffs and thus the question of intercon- 
rtibility becomes of no moment. (See Fig. 58.) In the outline in Fig. 57 are 
own the pathways of fat and its metabolites, as well as the relationship of 
e tricarboxylic cycle. 
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_ Fig. 58.—Integration of protein, carbohydrate, and fat metabolism. The scheme indicates 

eious points at which the products of protein, carbohydrate, and fat metabolism enter into 

aa pathways. Most of these are discussed or mentioned in the text in Chapters LS a6: 
7. 


ESSENTIAL FATTY ACIDS 


If fat is entirely excluded from the diet of rats, there develops a condi- 
m characterized chiefly by retarded growth, scaly skin, necrosis of the tail, 
dney lesions with bloody urine, and early death. This was studied carefully 
Burr and Burr, who found that certain unsaturated fatty acids were effective 
bringing about a cure of the condition. These are linoleic, linolenic, and 
hidonic. Strictly speaking, only linoleic acid is essential and cannot be 
thesized by the body, and the others may replace it or spare it to some ex- 
t. Arachidonic acid is a twenty-carbon chain acid with four unsaturated 
ges. Linoleic and linolenic each have 18 C’s, the former having two and the 
ter three double bonds. 

The investigation of this condition led to the discovery of the fact that in 
ts suffering from a lack of the essential fatty acids, the serum lipids had a 

iodine number. It was soon found that human subjects with eczema likewise 
d serum lipids with a low content of unsaturated fatty acids (Hansen). The 
inistration of suitable fats cleared up the skin lesions in many of these 
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cases (see Fig. 59). Evidently some individuals require a greater amount \ 
these essential fatty acids in their diet than the average. 

Another deficiency disease with symptoms closely resembling those d 
scribed above can be produced in rats by withdrawal of pyridoxine from tl 
diet. Apparently there is a relationship between the essential fatty acids ar 
pyridoxine, because animals deprived of both the vitamin and linoleic acid ee 
be relieved by the administration of either. The nature of this relationship 
at present uncertain. (Hogan and Richardson; Gyorgy; Quackenbush. ) 


SS eS 





Fig. 59.—Essential fatty acid deficiency in a child 5 months of age. A, Before trea 
ment; B, after treatment with two to three teaspoonfuls of lard daily for one month. (Cou 
tesy Dr. Arild E. Hansen; see also Burr, G. O.: Federation Proc. 1: 224, 1942.) 


Rancidity of Fat 


The oxidation of the volatile fatty acids during the production of rancidit 
results in the presence of peroxide, linkages. These rancid fats then act : 
oxygen carriers which undoubtedly accounts for their mildly toxic effects. 
has been found that they may destroy vitamin A, carotene, vitamin E, ar 
linoleic acid. Other essential food accessories which are perhaps similar’ 
oxidized are vitamin D, pantothenic acid, pyridoxine, and biotin. 


Metabolism of Lecithin 


Lecithin can be attacked by four different enzymes in the following manne’ 


| CH, 
O — CH, — CH, — N—CH, 


} dap CH, 
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Lecithinase A attacks point 2, splitting off one fatty acid and lysolecithin, a 
hemolytic agent. This enzyme is found in animal tissues as well as in some snake 
venom, ete. Lecithinase B takes off two fatty acid molecules at points 1 and ray 
leaving glycerocholinephosphate. It is found more generally in animal tissues. 
Point 3 is the spot where glycerophosphatase acts, and at point 4 choline phos- 
phatase strikes phosphoric acid in another way. Phosphatases are also found in 
many tissues. 


Whether or not food lecithin is digested is a question. None of these 
enzymes 1s present in any digestive fluid, except, perhaps, as a contaminant be- 
cause of disintegrating leucocytes or other cells. 


However, lecithins and other phospholipids get into the cireulation even if 
they are not ordinarily digested in the gastrointestinal tract. During fat 
absorption the lecithin of the blood increases as the blood fat increases, and as a 
rule the high lecithin values persist longer. As has been seen, the phospholipids 
take part in fat emulsion, absorption, and fatty acid transport. Indeed the 
addition of lecithin increases the digestibility and absorption of fats. (Augur.) 
Lecithin may be synthesized by the body. Radioactive phosphorus has been 
converted into phosphate and fed in that form to animals. The labeled phos- 
phorus was then found to be present in the tissue phospholipid fraction, more 
particularly as lecithin and cephalin, with very little as sphingomyelin. The 
rate of production of phospholipid, under these conditions, was found to be 
liver >intestine>kidney>muscle>brain. The slow production (and disap- 
pearance) in brain is interesting, in view of the high content of phospholipid 
in this tissue. (See page 141.) Most of the phospholipids of plasma are pro- 
duced by the liver. This was shown when radioactive phosphate was injected 
into hepatectomized dogs. Almost no radioactive phospholipid was found in 
the blood plasma. Normal amounts appeared in the kidneys and small in- 
testines, indicating that these organs ean synthesize phospholipids for their 
own use. (Chaikoff, 1942.) 

The phospholipids are very important compounds. Besides their relation 
to fat absorption and to the prevention of fatty livers, it should be remembered 
that thromboplastin, one of the important factors in blood clotting, is a phos- 
pholipid, or is associated with a phospholipid. Other metabolic functions are 
probable but are not yet well established. 


es Metabolism of Cholesterol 


Cholesterol is absorbed from the intestinal canal if there is fat absorption 
at the same time. Usually food containing cholesterol also contains enough fat 
for this purpose. Bile is necessary for cholesterol absorption just as it is for 
fatty acid absorption. When a neutral fat is fed to dogs or rabbits, its absorp- 
tion is followed by an increase in the cholesterol esters of the blood but not in 
the total cholesterol (Knudson). This seems to indicate that the fatty acids 
are partly combined with cholesterol during absorption. In man the same rise 
is not seen, or it is not as marked. The cholesterol and cholesterol esters then 
enter the lacteals and follow the same route as the neutral fats. It is interest- 
ing to note that a highly active cholesterol esterase is present in dog serum, 
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but in human serum esterification goes on very slowly on incubation and is 
either catalyzed by an enzyme of very low activity or is nonenzymatic. (Swell 
and Treadwell.) 

If there is an excess of cholesterol in the blood, part of it is excreted by 
the intestine and part by the bile. Reduction in the intestine to dihydro- 
cholesterol and then to coprosterol by bacterial action prevents the reabsorption 
of this excess lipid. If a patient seems to have difficulty in handling cholesterol, 
a change from an animal to a vegetable diet is advisable, since plant sterols are 
not absorbed. 

After absorption, cholesterol is converted into a variety of substances. 
This has been demonstrated by following the course of cholesterol-C™* and 
cholesterol-H® after feeding them to rats. Ring-labeled cholesterol has been 
shown to be transformed into the steroid hormones 17-hydroxycorticosterone 
and corticosterone. (Zaffaroni.) Some radioactive CO, is formed in a rela- 
tively short time, particularly if the terminal carbons are labeled. (Chaikoff, 
1952.) However, some CO, is also derived from other parts of the molecule. 
Radioactive fatty acids were recovered from adrenals, liver, carcass, and feces. 
Some cholesterol was found to be converted to liver phospholipid and liver 
glycogen, and a variable amount of activity was seen in the urine. More than 
half was not degraded, since it was discovered in the nonsaponifiable fraction in 
the feces and in the liver. In the latter case storage of cholesterol is indi- 
eated. (Kritchevsky.) 

Cholesterol is essential to life but, if absent from the diet, it can be syn- 
thesized by the animal. A number of investigations have demonstrated ace- 
tate to be the carbon source for both the steroid nucleus and the octyl side 
chain. It is possible that acetoacetate may also be used without cleavage, and 
certain other compounds, including acetone, pyruvate, butyrate, hexanoate, 
and octanoate, may be utilized by the liver for the formation of cholesterol 
and also long-chain fatty acids. (Brady, 1951; Gurin.) Liver tissue from 
diabetic animals is also capable of converting acetone to cholesterol but not to 
fatty acids. From the experiments of Bloch and his colleagues it appears that 
both carbons of acetate are used for cholesterol synthesis. The methyl carbon 
is the source of carbons 17, 18, 19, 21, 22, 24, 26, and 27, and the carboxyl ear- 
bon gives rise to carbons 10, 20, 23, and 25. (Wiiersch.) It is strange that, 
although pyruvie acid can be degraded to a 2C unit, which ean be used to 
form fatty acids, this same unit is not available for cholesterol synthesis. 
(Brady and Gurin.) The esters of cholesterol with the fatty acids are nor-’ 
mally present in the blood in a more or less definite ratio to free cholesterol. 
Furthermore, the fatty acids so combined are the most unsaturated of all in 
the blood plasma. This suggests that cholesterol acts as a special transport 
agent for the unsaturated acids. 

Another function of cholesterol is its role as a precursor of the bile acids. 
This has been shown by the experiments of Bloch, Berg, and Rittenberg. In a 
dog, the gall bladder was anastamosed to the pelvis of one kidney in such a way 
that all the bile flowed into the urine. Cholesterol containing deuterium was 
injected intravenously. That some of this had been changed to cholie acid was 
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indicated by the fact that the cholic acid isolated from the ‘‘urine’’ contained 
deuterium. The organs were then analyzed, and the administered cholesterol 
was found in highest concentration in the lungs, next in the liver, and in smaller 
amounts in all other organs except the nervous system. This again emphasizes 
the fact that brain and nervous tissue have a slow rate of general metabolism. 
The cholesterol in nervous tissue, at all events, does not interchange with dietary 
cholestero] at appreciable rates. The cholesterol present in the ‘‘urinary’’ bile 
of this animal also contained deuterium which shows that the liver excretes 
some of it from the blood. 

One of the types of arteriosclerosis, “‘hardening of the arteries,’’ is athero- 
sclerosis. This is a very common ailment in man, and its treatment has com- 
pletely baffled clinicians. In this condition there are an abnormal deposition 
of cholesterol and other lipids, and a hardening, or sclerosis, due to calcification. 
Feeding cholesterol to rabbits produces this condition experimentally, and it is 
well known that a high concentration of cholesterol in the blood usually occurs 
in patients suffering from atherosclerosis, although many individuals with 
hypercholesterolemia have no evident arteriosclerosis, and not all arteriosclerotic 
persons have elevated blood cholesterol. Consequently there is a difference of 
opinion among clinicians as to whether low cholesterol diets should be advised 
in atherosclerosis. Unfortunately such diets are of little value unless carried 
out extremely rigorously. It must be remembered that the body is capable 
of synthesizing a considerable amount of this lipid. Keys has shown that 
the ordinary variations in the cholesterol content of the diet have no influence 
upon blood cholesterol, and moderately low cholesterol diets similarly do not 
reduce the blood level. Only upon diets which are almost quantitatively de- 
void of cholesterol do patients experience a fall in blood cholesterol, and then 
it is quite dramatic. 

The more recent trend is to suspect that it is not the actual cholesterol con- 
tent of the diet which produces atherosclerosis, perhaps not even hypercholes- 
terolemia in itself, but rather the physical condition of the lipids in the blood. 
Hueper was able to produce atherosclerotic lesions by introducing large colloidal 
particles of foreign substances (pectin, gum arabic, ete.) into the blood stream 
of animals. In harmony with this is the recent work of Gofman and his group, 
who have studied the occurrence in the plasma of giant molecules composed 

f cholesterol, its esters, fatty acids, lecithin, and protein. The ultracentrifuge 
is used to separate blood lipoproteins into classes, depending upon the particle 
ize and fat content. The density of these particles varies inversely with the 
ate of flotation (S-). Normal lipoproteins have a slow flotation rate, S-l0 
nd below. When lipid metabolism is deranged, as in atherosclerosis, they 
ave an S; which is higher. Figures of S;12-100 seem to be associated with 
therosclerosis or some other cardiovascular disturbance. The amount of the 
ipoproteins must be taken into account, as well as their Ss values. Only 
0 to 15 per cent of cholesterol is contained in particles of the S-12-100 class in 
uman beings. These particles may often be decreased in amount by re- 
tricting dietary fat and cholesterol. Another method of shifting the lipo- 
rotein pattern in human beings is by the parenteral administration of heparin, 
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or ‘‘treburon,’’? a synthetic substance having heparin-like action. It was first 
observed by Hahn that after heparin administration there was an increase 
in the transuleence of plasma, rendered hyperlipemie by high fat feeding. 
This clearing effect did not oecur in vitro. Hf, however, such turbid plasma 
was treated in vitro with plasma from another animal which had been heparin- 
ized, the clearing phenomenon occurred. (Anderson and Faweett.) This may 
indicate that a deficiency of heparin is, in part, responsible for atherosclerosis. 
The clearing effect is also accompanied by an increase in lipolytic activity of 
the plasma, which may be responsible for the phenomenon, and is followed by 
the rapid removal of the solubilized lipid from the blood stream. (Overbeek; 
Grossman. ) 

Another approach to this problem is indicated by the observation of Rine- 
hart and Greenberg, who found that an arteriosclerosis develops in rhesus 
monkeys subjected to a prolonged pyridoxine deficiency. 


Abnormalities of Lipid Metabolism 


The most common abnormality of lipid metabolism is obesity. However, as 
mentioned previously obesity may be and often is a normal storage of fat. Its 
relationship to endocrine disturbances will be considered later (Chapter 23). 
The formation of biliary caleuli, containing varying proportions of cholesterol, 
has been discussed on page 241 and atherosclerosis in the section just preceding 
this. 

There are four other pathological conditions in each of which lipids are 
deposited in the cells of certain tissues. Not much is known about the causes of 
any of them and it is quite possible that several of them may have a common 
etiological factor. 

Xanthoma is a disease in which yellow nodules or flat plaques appear in the 
skin, especially in the eyelids. They may also be formed in tendon sheaths, bone, 
blood vessels, and elsewhere. They vary in size from that of a pinhead to that of 
a bean. It is sometimes a complication of diabetes. Many of these xanthomatous 
deposits have been analyzed. The results have shown that they contain a mix- 
ture of various lipids, with cholesterol frequently predominating. The blood 
lipid level in these eases is often elevated. Sometimes the condition oceurs in the 
absence of diabetes, jaundice, lipoid nephrosis, or any other discase which might 
apparently be the cause of it. Hand-Schiiller-Christian’s disease is considered a 
form of xanthoma. The yellow nodules are found in the cranial and other 
bones. They also contain large amounts of cholesterol and cholesterol esters: 
This is a rather rare disease, which occurs in children. Gaucher’s disease is 2 
congenital condition which sometimes affects several children of the same family: 
It is characterized by an enlargement of the spleen and liver (splenohepato: 
megaly) as well as by other symptoms. Although the lipids deposited in spleer 
and liver are mixed, the outstanding feature of this abnormality is the presencé 
of a large amount of kerasin, a cerebroside, in them. The sugars present ir 
those lipids peculiar to Gaucher’s disease may be lactose or sucrose, or both’ 
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s well as their monosaccharide constituents. (Parke; Woolf.) The bone and 
one marrow are also involved, but no analyses of them have been made. Al- 


hough ordinarily the onset is in childhood, the patient may live for many 
ears. 


Another familial and congenital disease is Niemann-Pick’s disease. The 
ver and spleen are again the site of lipid deposits and are tremendously en- 
irged, but here the predominant constituent is a mixture of phospholipids, 


hiefly lecithin and sphingomyelin. It occurs in infancy and causes death 
rithin a few months. 
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Chapter 18 
MINERAL METABOLISM AND WATER BALANCE 


Although the inorganic constituents of the body are only a small fractio 
of the total amount of the body tissue, they must not be considered unimportan 
They are, in fact, becoming recognized more and more as essential cogs in th 
human machine. They range in amount from calcium, which makes up abou 
2 per cent of the average body weight, to cobalt, which is present to the exten 
of perhaps 0.00004 per cent, and other ‘‘trace elements’’ which may occur i 
even smaller amounts. The inorganic compounds are required for several pu 
poses: (1) They are needed to provide a suitable medium for protoplasm 
activity. The irritability of muscle and nerve cells, the permeability of ee 
membranes, and the normal functioning of all cells depend upon a nice balane 
of the diverse’ ions, particularly H*, Na*, K*, Ca++, Mgt, OH-, HCO;, @ 
HPO,-, and SO,-. (2) They play a primary role in osmotic phenomena. Thes 
have much to do with the flow of tissue fluids, absorption, and secretion. Man 
salts are also of utmost importance in acid-base equilibria. (3) Certain tissue: 
especially bones and teeth, have a high mineral content, which accounts for thei 
hardness and rigidity. (4) Some mineral elements become parts of specialize 
physiological compounds. Hemoglobin’s iron and thyroxine’s iodine ar 
examples. Other ions are essential to a number of enzyme systems. Manganes 
magnesium, and potassium are examples of ions needed by enzymes in @al 
bohydrate metabolism. - 


THE MINERAL COMPOSITION OF THE BODY 


Seven elements comprise from 60 to 80 per cent of all the inorganic matte 
in the body. They are calcium, magnesium, sodium, potassium, phosphoru 
sulfur, and chlorine. They are the principal minerals in nutrition—at lea: 
from a quantitative standpoint. With an increase in age the total ash, or mit 
eral matter, of the body increases, but a decrease in magnesium, sodium, pota: 
sium, chlorine, and sulfur oceurs. This is shown in Table XXXV. 










TABLE XXXV 
MINERAL COMPOSITION OF THE Bopy* a 
SSS 
gel bb dalicre: PERCENTAGE 
AGE WEIGHT ASH » Sac OTA’ 
| ety ae Co Mg Na K P as @ 
Fetus, 6 wk. 0.88 19 28 09 10 7 17 8 
: 8 79 

Fetus, 7 mo. 1.16 30 23/08 8 = 7 14 Oe 69 
Newborn infant * 2.9 100 24. 0.7 5 5 14 i 6 
Adult 70 3000 39 = 0.7 2 Sr 29 a 4 

*Calculated from values given by Shohl, from Macy, I. J 
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Under average conditions a healthy normal man exeretes about 20 or 30 
m. of inorganic material daily. This consists chiefly of the chlorides, 
fates, and phosphates of sodium, potassium, calcium, magnesium, and am- 
onium. Normally the intake should equal the outgo, except in growth and 
regnancy. In Table XXXVI is shown the amount of inorganic salts in 150 
merican diets. Study of these figures reveals the great variation in every 
ement determined. Since this might be due to a divergence in the amounts of 
od consumed, it was also calculated to a uniform basis of 3,000 calories. Even 
ese figures show great differences between the minimum and maximum. The 
1estion naturally arises as to whether some of these amounts are too low and 
hers too high for optimal physiological activity, or whether only a minimum 
‘each is required and the remainder is an unnecessary excess or a ‘‘factor of 
fety.’’ 

TABLE XXXVI 


MINERAL ELEMENTS IN 150 AMERICAN DIETARIES* 


E PER MAN PER DAY PER 3000 CALORIES 
ELEMENTS MINIMUM | MAXIMUM | AVERAGE | MINIMUM | MAXIMUM | AVERAGE 
(GM.) (GM.) (GM.) (GM.) (GM.) (GM.) 
Calcium 0.24 1.87 0.73 0.35 1.47 0.73 
Magnesium 0.14 0.67 0.34 0.17 0.53 0.34 
Potassium 1.43 6.54 Bo 1.63 27 3.40 
Sodiumt ah 30:19 4.61 1.94 0.22 ABS * 1.95 
Phosphorus 0.60 2.79 1.58 0.72 2.30 1.59 
Chlorinet 0.88 5.83 2.83 0.83 7.26 2.88 
Sulfur | 0.51 2.82 1.28 0.80 2.35 1.30 
Iron 0.0080 0.0307 0.0173 0.0090 0.0234 0.0174 


7 aoe Sherman, H. C.: Chemistry of Food and Nutrition, New York, 1941, The Mac- 
lan Co. 
#Since these dietary records did not show the quantities of table salt used, the figures 


- sodium and chlorine cover only the amounts in the food as purchased and are very greatly 
ow the actual intake of these elements. 

It is generally felt that some excess is desirable, especially in the case of 
leium, iron, and phosphorus. A diminution of the inorganic salt intake to a 
ry low level is quite deleterious to health. Osborne and Mendel found that 
ung rats ceased to grow on an otherwise suitable diet when the total amount 

an adequate salt mixture was greatly restricted. A. H. Smith and his co- 
rkers have extended these studies. It appears that under the conditions 
ntioned the bones grow somewhat, in spite of the stunting of the animal as 
whole, but do not increase in weight. There is also an hypertrophy of the 
ey and a polycythemia. Nevertheless, the total hemoglobin of the blood is 
reased because the red cells, although containing a normal percentage of 
oglobin, are smaller in size. Feeding an adequate diet with a complete salt 
ture to such stunted animals changes the picture completely. They increase 
size, the total number of erythrocytes diminishes, and the hemoglobin goes 
k to a normal value. Substitution of calcium for the complete salt mixture 
es only partial return toward the normal. 

Two factors which enter into inorganic salt metabolism, namely, ammonia 
ation and sulfur metabolism, have already been considered (Chapter 15). 


will be taken up only incidentally in this chapter. 
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Calcium and Phosphorus 


Calcium is needed by all cells. It is one of the ions required for physiologi 
balance, as mentioned previously. It is present in blood serum, about half i 
the ionized form, and the rest un-ionized, probably bound to protein for th 
most part and, to a minor degree, in a calcium-citrate complex. Normally th 
concentration is about 10 to 11 mg. per 100 ml. of serum. 

A particular and important effect of the calcium ion is upon nervous tissu 
If the ionic calcium of the blood falls, the nervous system becomes hyperirritabl 
This may lead to tetany. On the other hand, a high calcium content depresse 
nervous irritability. Hence the administration of calcium salts is indicated i 
the alleviation of tetany arising from low calcium. Calcium is, of course, r 
quired for bone and tooth formation. If the diet is deficient in this elemen 
either or both may suffer. This is also true if the absorption of calcium is iz 
efficient, even in the presence of an adequate amount in the diet. Growing chi 
dren, particularly, require an abundance of calcium for these as well as for a 
other tissues. During pregnancy and lactation there is likewise a great deman 
for it in the diet, to provide for the growing fetus, and for the secretion of th 
ealcium-rich milk. The requirement for calcium ions in blood clotting nee 
only be mentioned at this point. 

The absorption of calcium is quite a variable factor. It should be remem 
bered that calcium forms insoluble salts with a number of the anions which oceu 
in the intestinal canal. Thus, we may find much of the ealeium precipitate 
as the phosphate, carbonate, oxalate or sulfate, or as calcium soaps, which ar 
also insoluble and therefore unabsorbable. This will depend on the amount o 
soluble calcium salts present, the negative ions, the pH, and the state of fa 
digestion and absorption. Calcium salts are more soluble in acid than in basi 
solutions. Furthermore, all food calcium does not behave in the same way. Fo 
example, the calcium of all vegetables is not uniformly absorbed, and, in som 
cases, the vegetables actually tend to depress the absorption of calcium fror 
other foods. This may be due to the presence or formation of oxalates, 0 
phosphates, or to an influence on the pH of the intestinal contents (Shields: 
Insoluble calcium soaps form if fatty acids are present in large amount, reé 
sulting, of course, in diminished calcium absorption. At this point it may b 
well to remind the student of the importance of vitamin D in aiding in the al 
sorption of calcium and phosphorus. However, at best, normal adults absor 
only small amounts of ealeium, perhaps 100 mg. per day. 

The excretion of calcium is partly through the kidneys but mostly throug! 
the mucosa of the small intestine. Exeretion into the feces continues even whe 
the intake is low, and accordingly a negative balance is possible. The intestina 
elimination of caleium may be increased by a lack of vitamin D and diminishe: 
by a suitable amount in the diet. Since calcium levels have a profound effeé 
upon nervous irritability, it can be appreciated that a negative calcium balance 
if continued long enough, would cause hyperirritability and even tetany, as Wei 
as decalcification of the skeleton. These are conditions to be guarded against i 
pregnancy and lactation. In these states the demand for caleium is so grea 
that supplements of caleium and vitamin D should always be provided. 
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About 99 per cent of the calcium of the body is present in the bones and 
in the form of the complex salt previously described (Chapter 6). This is in 
uilibrium with the serum ealeium which is kept at a fairly constant level. The 
ne salt and serum calcium shift back and forth as necessary to maintain this 
astancy. Thus the bones are continually being resorbed and rebuilt. The 
lount of calcium which can be absorbed from the intestine is, of course, of 
mendous importance in preventing the drain on the storage of bone calcium 
m producing a negative balance. 


Contrary to common opinion, the same reversible reaction does not occur 
teeth. The adult tooth, already fully formed and calcified, is not readily 
oject to decalcification when the body requires calcium. This is true in preg- 
ney and lactation as well, and the old saying, ‘‘A tooth for every child,’’ has 
Scientific justification (Schour). Disturbances of calcification are only of 
portance in the growing tooth. Therefore, children must have an abundance 
calcium with vitamin D or sunshine to help them absorb it, for tooth as well 
for skeletal development. 


The Calcium Requirement.—The amount of calcium retained by the body 
pends not only upon the amount in the diet, but also upon the efficiency of 
sorption and upon excretion. Hence it is difficult to set an absolute standard 
‘the calcium requirement. It is better to have an oversupply than not enough 
the diet. The recommended daily allowances are: for children up to 12 
ars of age, 1.0 Gm.; for ages 13 to 15 years, 1.3 Gm. for girls and 1.4 Gm. 
- boys; for ages 16 to 20 years (or even up to 25 years), 1.0 Gm. for girls 
d 1.4 Gm. for boys; for adults, 0.8 Gm., but increasing to 1.5 Gm. during 
senaney and 2.0 Gm. during lactation. A quart of milk supplies about 1.2 
1. of calcium in a readily assimilable form. Consequently a good safe rule to 
low is: a pint of milk a day for every adult and a quart for every child. For 
er sources of calcium in foods, see page 321. 

Regulation of Blood Calcium.—The parathyroid glands exercise a regula- 
y effect upon the level of calcium in the serum. Removal of these glands, 
yerimentally, results in increased excretion of calcium in the urine and low 
um calcium levels and leads to tetany and eventually death. The symp- 
ns may be relieved by injections of calcium salt solution, but as soon as 

calcium is excreted the symptoms recur. Administration of parathormone, 
hormone of the gland, raises the serum calcium to a normal level and this 
causes a temporary cessation of the tetany. The hormone acts by mobi- 

g calcium reserves from the bones. Under normal conditions the shifting 

alcium from serum to bone, and vice versa, is brought about by the action 
parathormone. The constancy of the serum calcium level depends chiefly 
n this mechanism along with the absorption of calcium from the intestine, 
ch is influenced by vitamin D. Vitamin D is also required in calcification 
one. The action of parathormone and of vitamin D, as well as the mech- 
m of calcification, seems to be mediated by citrate. In 1938 Kuyper 
wed that the precipitate of calcium, phosphate, and citrate, which can be 
onstrated in vitro, is a complex similar to that existing in bone. The 
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solubility of this product is increased by the presence of additional citrat 
and magnesium ions in the solution. Later it was found that citrate injectior 
cause the serum calcium to become more ultrafiltrable, so that a rapid e 
eretion of calcium takes place. The rise in serum calcium, caused by paratho 
mone, was found to be accompanied by a rise in serum citrate, and the micr 
scopie picture of the bone was found to be similar following both of thes 
procedures. High doses of vitamin D also raised both serum calcium an 
serum citrate. These facts led Dixon and Perkins to study the enzym 
mechanisms in bone. They found that the ‘‘citrogenase’’ system, Le 
the series of enzymes which produce citrie acid in the tricarboxylie acid cyel 
(see page 427), is more powerful in bone than is the isocitriec dehydrogena: 
system, which acts to decompose citric acid. Apparently, the quantity ¢ 
citric acid formed has a regulatory effect. Under suitable conditions, ther 
may be produced local increased concentrations of citric acid, which may tk 
co-precipitated during deposition of bone salt. If the concentrations of citr 
acid become too high the process of calcification may be reversed and th 
bone salt may be solubilized. This is apparently what occurs under the ir 
fluence of parathormone or vitamin D. 

Whenever the serum calcium is lowered, tetany is likely to result. Th 
oceurs occasionally in the newborn infant, and sometimes in rickets and i 
fatty diarrhea. In the last instance, a loss of fat-soluble vitamin D accounts fc 
a diminished calcium absorption, resulting in too low a serum ealeium level fe 
the parathyroid to compensate. 

Phosphorus is ingested in many forms—phosphoproteins, nucleoprotein 
phospholipids, and the various organic esters and inorganie phosphates—an 
it is used in the construction of the same kinds of compounds in the body, é 
well as in the formation of bone salt. The vital part played by phosphorus con 
pounds in many phases of metabolism and in acid-base regulation indicates ho’ 
necessary it is for this element to be supplied in sufficient amount. 

Vitamin D aids in the absorption of phosphates from the gastrointestiné 
tract, Just as it aids in calcium absorption. In the absence of vitamin D a lo’ 
serum phosphorus results as a rule. In rickets there is usually a normal serul 
calcium with a low serum phosphorus. Other cases of rickets occur in whic 
both calcium and phosphorus are low in the serum, or phosphorus is normal an 
calcium is low. The typical and usual disease, however, is characterized by 
low phosphorus and normal ealeium. Howland and Kramer established a 
empirical rule for determining whether a child was rachitie or not. If th 
product of the serum phosphorus and serum ealeium (in milligrams per 10 
ml.) is below 30, rickets is present or will develop, but not if it is above 4 

The ratio of calcium to phosphorus in the food intake has an important it 
fluence on the metabolism of both elements. If either is present in inadequat 
amount, the other is not utilized properly, even though it be present in normé 
quantity. In the infant and growing child the ratio Ca:P should be somewher 
between one and two, that is, the ealeium intake should be equal to or up to twid 
as great as the phosphorus. In adult life the ratio may be below one. Howeve! 
as Sherman says, ‘‘Obviously when intakes of both elements are right, the rati 
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annot be wrong.’’ That is, from a practical nutritional standpoint the Ca:P 
atio is bound to be right if the recommended quantities are present in the diet. 
‘or phosphorus this amounts to 1.0 Gm. a day for boys up to 8 years of age 
ind for girls up to 10 years; 1.2 Gm. for boys 9 to 12 and for girls 11 to 19 years; 
md 1.3 Gm. for all above these ages. Again, in pregnaney and lactation a 
‘reater amount must be provided. 

Phosphorus is abundant in our foods and there is little likelihood of a 
leficiency in this element. The same cannot be said for caleium. Most American 
liets are below the minimum level of calcium for safety or are dangerously close 
0 it. Sherman states that about half of the American dietaries studied by him 
vere below the safe level, and 16 per cent were even below the minimum require- 
nent. If the vitamin D intake should happen to be diminished in these eases, 
erious consequences would result. 


Vitamin D and Parathormone.—The relation of vitamin D and para- 
hormone to ecaleium and phosphorus metabolism has been mentioned in several 
onnections. The main action of the vitamin seems to be to increase the absorp- 
ion of calcium and phosphorus from the intestinal canal. It probably also in- 
reases phosphate excretion in the urine to a small extent and in this way 
nobilizes calcium from bone, but this is a minor effect. (See page 619.) Irradi- 
tion of ergosterol produces a series of sterols, only one of which has antirachitic 
roperties. This is calciferol (D.). The others act like parathormone. In fact, 
me of them, dihydrotachysterol (‘‘A.T. 10’’), has an activity so similar to the 
arathyroid hormone that it is quite useful in the treatment of hypoparathy- 
oidism. It chiefly causes a phosphaturia and, to a lesser degree, an absorption 
f calcium from the intestinal tract; the level of caleium in the blood serum is - 
hus raised. This compound also shares the toxie properties of parathormone. 
Yonsequently an overdose must be avoided. 

Tetany.—A low blood calcium leads to tetany. The symptoms of this type of 
etany include rapid respiration and heart rate, fibrillary muscular twitching, 
nd tonic (sustained) or clonic (spasmodic) convulsions. Infantile tetany may 
ye due to parathyroid deficiency but usually accompanies or follows rickets. In 
rue rickets the calcium of the serum is not far from normal, but during healing, 
he return of calcium to the bones may be so rapid as to cause a fall in the serum 
alcium to a tetanic level. In the newborn infant, tetany occasionally occurs. 
his is accompanied by a low calcium and a high phosphorus. The explanation 
ffered is that a poor renal function results in a retention of phosphorus. The 
igh serum phosphate is thought to have a tendeney to decrease the ionization 
f serum calcium. In osteomalacia, a bone disease, again the serum eal- 
ium is reduced, and tetany may develop. However, tetany may occur with- 
ut low serum calcium. This is the case in alkalosis. Pylorie obstruction, or any 
ther condition in which persistent vomiting occurs, results in alkalosis. The 

me is true of hyperventilation. When alkaline phosphates are infused into a 
atient, there may result both alkalosis and a diminution of serum calcium. 
aturally the combined effects are quite likely to cause tetany. In these in- 
tances respiration is slowed to permit of earbonie acid accumulation to help 
ompensate for the alkalosis resulting from a relative excess of bicarbonate. 
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Magnesium 


Magnesium is an essential element. Magnesium-free diets can be prepared 
experimentally, and animals on such diets have circulatory disturbances, in- 
creased irritability, and finally convulsions and death. Prior to the occurrence 
of any symptoms, the lack of magnesium prevents the synthesis of protein in 
animals which had been subjected to protein depletion. (Menaker and Kleiner.) 
It is quite impossible, however, to have a magnesium deficiency on an ordinary 
diet. It is the essential metal in chlorophyll and, therefore, occurs in all green 
plants. The skeletons of some marine forms are rich in magnesium. ‘This is 
undoubtedly related to the fact that sea water contains more magnesium than 
calcium, 

It occurs in bones, muscles, and nervous tissue of man. Its distribution 
is very uneven, probably because it can replace calcium to some extent, and this 
depends largely upon the amount of calcium available. It will be remembered 
that magnesium can take the place of calcium in the bone salt, apatite, which 
continually changes in composition. Human blood. serum, however, has a 
constant magnesium content, 1 to 3.5 mg. per 100 ml. (1.6 to 5.7 meq. per 
liter). 

The magnesium ion is another ion which influences tissue irritability. Thus 
when introduced in large amounts parenterally, it is a central depressant, having 
anesthetic and anticonvulsant effects. These effects are completely antagonized 
by calcium, and this antagonism has not been explained. Curiously, however, 
low serum concentrations of either magnesium or calcium lead to the same 
pharmacological effects; namely, hyperirritability and convulsions. Administra- 
tion of magnesium compounds by mouth produces a laxative action (probably 
because of nonabsorption), and, in the case of Mg (OH),., there is an antacid 
effect, as well. Magnesium ions also function in enzyme reactions, as has 
been seen. Hence its presence in muscle and other cells is undoubtedly of 
vital importance for normal metabolism. 


Magnesium is excreted by way of the intestine for the most part. A frae- 
tion is eliminated by the kidneys. One of the characteristic erystal forms fre- 
quently seen in urinary sediments is the ‘‘coffin plate’’ crystal of NH,MgPO,,. 


Iron 


The role of iron in the body is closely associated with that of hemoglobin. 
Its immense importance is quite out of proportion to the total amount present 
in the entire body, which is the insignificant value of 3 to 5 Gm. This small 
amount of iron is used over and over again in the body. It is not like the 
vitamins or most of the other organic, or even inorganic, substances which are 
either inactivated or exereted in the course of their physiological functions. 
Very little iron is lost from the body normally and, since it is a small part of the 
hemoglobin molecule (about 0.3%), comparatively little is needed. Iron is also 
a constituent of many tissues besides blood (e.g., the myoglobin of muscle) 


and is essential for the composition of such catalysts as the cytochromes, per- 
oxidase, and catalase. 
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Iron has been called a ‘‘ore-way substance.’’ It may be absorbed in small 
amounts. Any excess over and above the amount absorbed is eliminated in the 
feces. This cannot be considered a true excretion, but rather an oversupply, 
which is thus wasted. Very little is excreted in the urine—less than 1 mg. in 
twenty-four hours, and some is lost in the sweat. (Mitchell and Hamilton.) The 
amount actually secreted into the intestinal canal is neeligible, and careful 
studies of the intake and output have never revealed any appreciable negative 
balances except in early infancy. Hypochromic anemias usually do not result 
from negative iron balances but from losses of blood, which may be very difficult 
to detect. Hypochromic anemias are those conditions in which there is a greater 
diminution in the concentration of hemoglobin than in the number of red cells, 
and accordingly the red cells will be paler than normally. Positive iron balances 
occur in growing children and in pregnant women. In both instances more iron 
is absorbed than is excreted, which corresponds with the need to synthesize 
hemoglobin for the expanding blood volume. 

The absorption of iron takes place chiefly in the upper part of the small 
intestine. Although normally very little is absorbed, under certain condi- 
tions larger quantities may pass into the body. Following a severe hemor- 
rhage the absorption of iron may be increased ten or twenty times, but 
there is usually a delay before this occurs. In hypochromie anemia iron is ab- 
sorbed more than normally, and in hemochromatosis an astonishing amount may 
be found in the tissues. This is a disorder of iron metabolism which is character- 
ized by large deposits, in the liver and other organs, of two pigments, ‘‘hemo- 
siderin’’ and ‘‘hemofusein,’’ the first of which contains iron. Hemosiderin is 
probably derived from hemoglobin. Defective absorption of iron may result 
from gastrointestinal disturbances, such as achlorhydria or diarrhea, leading to 
anemias which readily yield to large doses of iron. 

A diet low in iron is not likely to cause anemia in an adult. After hemor- 
rhage, however, additional iron is needed to make good the loss. Consequently 
this must be taken into account in women during menstruation, but the amount 
of iron involved even here is quite small. A retention of less than 2 mg. a day 
is sufficient to replace the hemoglobin lost in menstruation. As stated previously, 
pregnancy demands additional iron for the growing fetus. When the infant is 
born it has a considerable store of iron for future use. This is fortunate be- 
ause milk is extremely low in its content of this element. There is a supply 
f iron in the infant’s spleen and liver, but neither is as great as was formerly 

elieved. The amount of liver iron ranges from a negligible quantity to 60 mg. 
he chief location of the infant’s iron is the hemoglobin of the blood. With a 
eneentration of 22 to 23 Gm. of hemoglobin per 100 ml. this is higher than at 
ny later period in the individual’s life. During the first few weeks with a con- 
tant loss of iron, and almost no iron in the milk ingested, there is an appreciable 
egative balance of iron, but after the second month this balance tends to ap- 
roach zero. The new iron required comes for the most part from the physio- 
ogical destruction of hemoglobin (Stearns and McKinley). Premature babies 
r twins may be deficient in iron for obvious reasons, and anemia may result 


nless iron medication is given. 
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The recommended daily allowances of iron range from 6 mg. for childrer 
under 1 year of age to 15 mg. for youths of both sexes. The latter figure is alsc 
recommended for pregnant women. Otherwise the adult intake should be ai 
least 12 mg. per day, despite the fact that that amount is not actually required 

The iron in foods is not all equally ‘‘available.’’ Iron in the heme com. 
bination, it has been claimed, is not as assimilable as salts of the metal. Ir 
administering iron therapeutically, inorganic iron is probably as useful as 
organic, and, although ferrous iron is preferable, ferric is usually converted tc 
ferrous and is absorbed as such. It should be emphasized, however, that onl) 
small amounts are absorbed. By giving massive doses, slightly larger quantities 
ean be forced, but there is a regulatory mechanism which hinders unlimitec 
absorption no matter how much is available. In hemochromatosis, the condition 
in which iron is retained in large amounts in the form of hemosiderin, there is 
also an increased amount of copper in the liver and other organs. Several in 
vestigators, notably Hahn and associates and Granick, consider this regulatory 
mechanism to depend upon the interesting substance ‘‘ferritin.’’ 

Ferritin is an iron-containing protein, which may contain as much as 2¢ 
per cent of iron by weight. The iron is present as micelles, or colloidal particles, 
composed of a ferric hydroxide-ferrie phosphate complex, bound rather firmly 
to the protein. It can be freed of iron without denaturing the protein 
and this protein, ‘‘apoferritin,’’ is homogeneous and has a molecular weight 
of 460,000. Both ferritin and apoferritin can be erystallized with cadmium 
sulfate. Ferritin has been isolated from the bone marrow, spleen, and liver 
of a number of different animals and has also been found in the gastro- 
intestinal mucosa. Experiments indicate that apoferritin may not always 
be present in appreciable amounts in the intestinal mucosa but is formed in 
response to iron feeding; that is, the feeding of iron in some way brings about 
the formation of the particular protein which combines with it. The apoferritin, 
after serving its purpose as an iron acceptor and iron donator, may then become 
protein reserve, to be used, probably along with other proteins, in the synthesis 
of new erythrocytes or for other purposes. 


The iron in ferritin is in the ferric form, in contrast with that in hemoglobin, 
which is ferrous. As the iron of the food passes down the gastrointestinal tract 
it is reduced to the ferrous state, if it is not already in that state, by the gastric 
acidity, -SH groups, ascorbie acid, or other reducing agents in the food and secre- 
tions. This ferrous iron is absorbed into the mucosal cells of the duodenum and 
jejunum. The cells of the mucosa regulate iron absorption by maintaining 
within the cells a level of ferrous iron, governed in part by their oxidation- 
reduction potential. These cells possess a special mechanism for the ‘‘one-way 
transfer’’ of ferrous iron into them. Radioiron studies have shown that this 
mechanism, or ‘‘bloc,’’? adjusts the uptake of iron in accordance with body: 
needs for iron and previous iron feedings. (Hahn.) The ferrous iron is oXxi- 
dized, combined with phosphate, and united with apoferritin to form ferritin. 
This is stored in the mucosal cell. Thus the ferrous iron of these cells is in 
equilibrium with the ferritin in the mucosal cells and with the plasma iron! 
of the blood stream. The amount of ferrous iron, moving into the cell, thus! 
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pends upon the level of ferrous iron in the cell, and indirectly upon the 
ritin concentration. From the mucosa the ferrous iron passes into the blood 
eam, the amount being dependent upon the relative redox level of the cells, 
d this is related to the oxygen tension in the blood. Only ferrous iron ean 
ss into the blood. It is then autoxidized and becomes attached to one of the 
globulins, called ‘‘siderophilin.’’ 


vec y OF 4504, + Siderophilin —~> Fe***-CO,-Siderophilin 


is complex is also in equilibrium with the ferrous iron and ferritin in the 
er, spleen, and bone marrow. In the marrow the ferrous iron is converted 
heme by combining with porphyrin, and thus the store of ferritin there has 
immediate use. However, the ferritin in the other tissues is, of course, 
ivertible into the ferrous form for transport to the bone marrow for the 
ne purpose. 

If there is need for iron by the body, as, for example, following hemor- 
ige, the ferritin of the bone marrow, liver, and spleen will be called upon first, 
ause these organs have the largest amounts of ferritin. Only when these 
jor sources have been depleted and the plasma iron concentration is diminished 
1 the mucosa be called upon for its iron. When this occurs and the ‘“nhysio- 
ical saturation’’ of the mucosal cells with respect to ferrous ions is no longer 
intained, iron can be absorbed. Thus the ferritin content of the mucosa 
S as a valve, permitting the absorption of only enough iron to preserve 
ilibrium. This is a fortunate provision of nature, since ferric ions are 
her toxic and if an excess could be absorbed rapidly it would tend to pre- 
itate the blood proteins, the protein hormones, and enzymes. 

Fig. 60 indicates these relationships in a general way. It also shows how 
; hypothesis accounts for the saving of iron in the catabolism of hemoglobin. 
en the erythrocytes have finished their life cycle, the iron is reutilized. 
ent investigations, using radioactive iron, have shown that this iron from 

“‘old’’ erythrocytes is used in preference to storage iron. (West.) It is 
dent that the low absorption of iron is compensated for by the very efficient 
tilization of iron, as well as by the intricate mechanism of storage. 
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Mig. 60.—Scheme showing the role of ferritin in the absorption and storage of iron. 
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Ferritin has another function which seems to be quite independent of 3 
relation to iron metabolism. Mazur and Shorr have shown that it has a vas 
dilator action. This is evidenced by its inhibition of the vasoconstricting effe 
of epinephrine. It has been identified with a hepatic vasodepressor materi 
(VDM) which appears in the circulation in low concentration during the | 
reversible stage of hemorrhagic shock in animals and may prove to be the eaus 
tive agent of similar hypotensive states in man. There is no ferritin in norm 
plasma, but in traumatic shock or liver cirrhosis traces of it appear to esca 
into the blood stream, causing vasodilatation and depression of the system 
blood pressure. Since ferritin may be present in tissues other than those pi 
viously mentioned, if the iron concentration of the plasma is high, it follows th 
injury to almost any tissue may result in its presence in the blood. Curious! 
ferritin has no blood pressure-lowering effect when injected into normal ai 
mals. 

Copper and Other Heavy Metals.—For the formation of hemoglobi 
minute amounts of copper are believed to be needed. This is certainly the case 
the regeneration of hemoglobin after dietary anemias in experimental anima 
and also after nutritional anemias of children. Apparently copper is used oy 
and over again as iron is, and the loss is limited to the amount excreted in t 
urine and that lost in hemorrhage. The daily loss of copper in young wom 
averages 0.04 mg., half being attributable to menstruation (Leverton and Bin 
ley). However, 2.0 to 2.5 mg. of copper per day is recommended as a dai 
allowance in the diet. In the male the average daily loss is probably le 
than 0.02 mg. Copper occurs in certain oxidases and possibly in other enzym 
It is present in many foods and the estimated daily requirement of from 2 
2.5 mg. is usually ingested. 


Copper has been found in amounts greater than normal in the brain and liver 
persons dying of hepatolenticular degeneration. This is an uncommon disease of t 
nervous system, in which there is an associated hepatic disorder, and is generally regar¢ 
as incurable. Denny-Brown and Porter have reported high urinary copper figures in st 
cases. In view of this fact, they treated several cases with 2,3-dimereaptopropanol (BA 
or British Anti-Lewisite) which is known to promote excretion of copper, as well as varit 
other heavy metals and arsenic. A greatly increased excretion of copper resulted. 1 
condition of these patients was favorably affected, sometimes to a remarkable degree 


Zine is a constituent of carbonic anhydrase, and possibly also uri¢a 
and it is present in small amounts in the pancreas and human blood. (Valle 
Aluminum and nickel are found in traces but, at the present time, appear 
have no definite physiological function. 


Iodine ; 


More than half of the iodine in the body is located in the thyroid glat 
Thyroxine and triiodothyronine, the physiologically active substances whi 
the thyroid manufactures, are iodine compounds, but only one-fourth or 01 
fifth of the total iodine in the gland is present in those forms. (See page 61) 
Probably most of the remainder is in the form of precursors of thyroxi 
Next to the thyroid, in concentration of iodine, are the ovaries, the adrené 
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id the thymus glands. Little is known of the function of iodine except in 
e thyroid. The blood plasma contains from 4 to 8 gamma per 100 ml. 
A lack of iodine in the food and drinking water is believed to be related to 
e occurrence of simple goiter. McClendon and Hathaway have shown that the 
inking water in different localities in the United States varies in its iodine 
ntent from 0.01 to 73.3 parts per 1,000,000,000. Goiter occurred more fre- 
lently in persons living in those regions where the drinking water had a low 
dine content. It was also shown that, in general, simple goiter is more preva- 
it far from the ocean, or in sections into which ocean winds cannot carry their 
gisture. The reason is that sea water contains iodine, and, when the sea spray 
deposited on coastal regions, it enriches the soil and drinking water with this 
ment. Vegetables grown in these regions will take up iodine from the soil, and 
us the inhabitants of coastal areas will get iodine from drinking water and 
getables, as well as from sea food. Until recently goiter was common in 
vitzerland. Although not far from the sea, it is surrounded by high mountains 
lich cause the ocean breezes to deposit their moisture on the far sides. As 
result Swiss soil and drinking water are low in iodine. Marine and Kimball 
monstrated that simple goiter could be prevented by an intake of sufficient 
line. This may be accomplished by adding inorganic iodides to the source of 
iter supply, or more simply by insisting upon the addition of iodides to table 
it. This entire matter has recently become the subject of controversy. Green- 
id has thrown doubt on the conception of the relationship between the inci- 
nce of goiter and the lack of iodine in drinking water and in food. This is 
sed partly upon eriticism of the analytical methods used in determining the 
wces Of iodine and partly on other considerations. For example, the wider 
e of iodine in goitrous regions has not completely wiped out simple goiter 
those areas, and he is of the opinion that lack of iodine is not the sole factor 
producing this condition. It is well known that not all goiters are due to a 
k of iodine. There is for example a goiter due to infection. Exophthalmic 
iter is a hyperthyroid condition which is not a result of a low iodine intake. 
Iodine or iodides may be absorbed from mucous surfaces or from the skin. 
ey are excreted chiefly in the urine, and to a minor degree in the sweat and 
es. (Spector.) If given in large amounts they are also found in tears, saliva, 
bile. The recommended intake is at least 0.05 mg. per day. More should 
ingested during puberty, pregnancy, lactation, menopause, and when there 
infections. 
Fluorine.—F luorine is rather widely distributed in nature and is frequently 
d in varying amounts in drinking water. In those localities in which the 
riné concentration is relatively high, it usually has deleterious effects upon 
teeth. If it is ingested in toxic quantities during childhood while the 
th are undergoing calcification, characteristic signs appear. Instead of 
normal glistening translucent appearance, the teeth acquire dull white 
hes, or even the entire surface may look chalky. Pitting is of common oc- 
ence, due to the breaking off of the ends of the enamel prisms. They also 
have a brown stain, a ‘‘mottling’’ (see Fig. 61). McCollum and others have 
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shown that the inclusion of fluoride in the diets of experimental animals produce 
fragility of the teeth and bones, and there are many other evidences that it affect 
calcium and phosphorus metabolism. It is an inhibitor of various enzymes, ; 
notable example being enolase. Fluoride is sometimes added to blood which i 
to be analyzed for glucose, because it inhibits glyeolysis. 

The effect of this ion is not always unfavorable physiologically. Apparentl; 
the concentration of the fluoride present is a determining factor. This is indi 
cated by the influence of traces of fluorides on dental earies. Armstrong an 
Brekhus found that the enamel of sound teeth contained more fluorine tha 
that of carious teeth. This is the only element which varies in this manner 
and it was suggested that the increased fluorine may be the effective factor in th 
prevention of caries. Many other observations point in the same direction. Th 
mechanism is supposed to be that: either the fluoride actually imparts to th 
tooth structure caries-resistant properties, or it inhibits bacterial action on foo 





Fig. 61.—Mottled enamel (endemic dental fluorosis) of severe degr 

; : : ae : . Teeth calcific 
using water containing 14 p.p.m. of fluorine. Fr € H ebhe 

Me: Pub, Health Rep. ba: Vee ei bak sy ace (From Dean, H. T., McKay, F. S., and) Hig 


a oo ee ey ee hires pale ees A large seale test began i 
rk. The drinking water of Newburgh has ha 
traces of sodium fluoride (1:1,000,000) added, while Kingston, a near-by eity « 
about the same population, is serving as a control with nothing added to i 
water supply. The school children in each community had their teeth examine 
at the beginning of the test and once a year thereafter. By 1952 the inciden¢ 
of caries among the children of Newburgh had dropped 47 per cent, as con 
pared with that among the children of Kingston. This was most pronoulili 
in the youngest age group and was progressively less marked in the olde 
groups. The study should give definite indications whether fluorides do ‘ 
do not prevent dental caries. A positive answer may mean that fluorine is é 
essential element, but at present it cannot be considered as such. 
Bromine.—Small amounts of bromine sometimes are found in table sa 
and also in some vegetables. Normal human serum contains about 1 mg. PI 
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00 ml. Bromides are absorbed, distributed, and eliminated by the body 
1 almost exactly the same manner as the chlorides. That is, bromide is ab- 
yrbed from the gastrointestinal tract, passes into the various body fluids just 
s the chloride ion does, penetrates the red cell, but not other cell membranes, 
nd is eliminated by the kidney. If present in sufficient amounts it tends to 
eplace chlorine in the body, doing so in a quantitative manner. It has a 
sdative effect on nerve tissue, which may be a result of a decrease in the 
mnecentration of chloride, displaced by bromide in the extracellular fluid. 
romide poisoning is known as ‘‘bromism’’ and is fairly common, because 
romides may be obtained without a physician’s prescription. The advanced 
fages are characterized by mental and neurological disturbances. 

Manganese.—It is now generally agreed that manganese is an essential 
lement. It occurs rather widely in plant and animal tissues. The richest sources 
re liver, kidney, muscle, lettuce, spinach, and the whole grain cereals. Male 
ats fed on diets deficient in manganese become sterile and have testicular degen- 
ration. The young, born of females on similar diets, do not survive long, and 
1e mothers are unable to suckle normal young animals. These symptoms in the 
smale may be cured or prevented by the addition of manganese to the diet. Man- 
anese is also needed by the rat for growth (Orent and McCollum). In the chick 
ne presence of manganese in the diet prevents the development of a condition 
nown as ‘‘perosis’’; this is an osteodystrophy. The tibial-metatarsal joint be- 
omes enlarged, the distal end of the tibia and the proximal end of the tarsometa- 
wrsus are twisted and bent, and the gastrocnemius tendon slips from its condyles. 
's a result the chicks have shortened leg bones and vertebral columns. Whether 
deficiency in man would have results resembling those observed in the rat or 
1 the chick cannot be said, since no case of manganese deficiency in man has 
een observed. Manganese is an activator of a number of different enzymes, 
hosphatases in particular. Other enzymes, which are more active in the pres- 
nee of manganese, are phosphoglucomutase, intestinal peptidases, cholinesterase, 
zymase, isocitric dehydrogenase (which catalyzes the transformation of iso- 
trie acid to oxalosuccinie acid), the carboxylases, arginase, and adenosine 
‘iphosphatase. 

The exact human requirement is not known. It has been suggested that 
om 0.2 to 0.3 mg. per kilogram of body weight should be ingested by children 
ily. Probably that amount or more is regularly available. After oral or 
renteral administration manganese is excreted almost entirely in the feces 
ith extremely small quantities in the urine. 

Cobalt.—Cobalt is an essential element for some animal species but not 
r others. For example, cattle and sheep in certain regions develop a peculiar 
isease characterized by emaciation and anemia. This has been traced to a de- 
ciency of cobalt, and the administration of cobalt is effective in the treatment of 
e condition. Horses grazing on the same lands remain healthy. A slight excess 
eobalt in either metallic or ionic form produces polyeythemia (excessive forma- 
on of red cells) in rats and in a number of other species. Rats on a copper- 
ficient diet fail to develop this cobalt polyeythemia, and in a number of other 
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respects copper seems to be related to cobalt in the animal body. It has also bee: 
claimed that nickel and cobalt are required for the normal functioning of th 


pancreas. , 

Since cobalt is a constituent of the vitamin B,, molecule, it is evidenth; 
necessary for hemoglobin formation and must be regarded as essential. Hy 
man foods containing over 0.2 part per million include buckwheat, figs, cak 
bage, lettuce, spinach, beet greens, and water cress, and there are ‘Ssmalle 
quantities in other vegetable and animal products. It is also a contaminant 0 
many medicinal preparations of iron. 

Other Trace Elements.—Among the other elements which have been foun 
in traces in animal tissues is selenium, which is present in the soil and plant 
of certain localities. Animals feeding in these regions may acquire the ‘‘alkal 
disease.’’ This element does not appear to have any beneficial effects for animal 
or man. Lead is found in some foods and especially in drinking water. It i 
stored in the bones and, to a less extent, in the liver. In large amounts it i 
toxic. Its deposition in bones may be explained by postulating that lead, phos 
phorus, and vitamin D form a system of lead deposition analogous to the deposi 
tion of calcium in bones. (Sobel.) Tin also oceurs in the body; the larges 
quantities are found in the tongue and skin. In the concentrations usualh 
occurring in foods, as a result of their having been preserved in tin containers 
this metal has no deleterious effects. Silicon, as silicates, enters the body chiefl 
in vegetable foods. Soluble silicates are easily absorbed. Human blood serun 
ordinarily carries about 1 mg. per 100 ml. After ingesting silicates this leve 
does not rise because the excess is rapidly exereted by the kidneys. Varying 
quantities are found in the different organs and tissues. The lungs are highes' 
in silicon because of the inhalation of insoluble particles which lodge there. Ir 
industries in which silica dust is produced in large amounts, e.g., stonecutting, the 
workmen inhaling this dust develop “silicosis.” In this condition the lung 
tissue is replaced by nodular connective tissue overgrowths. Naturally the 
silicon content of such lung tissue is comparatively high. Similar pathologiea 
States result from breathing dusts of other types—coal, steel, ete. Other 
elements present in traces in foods and in body tissues are boron, molybdenum 
arsenic, and titanium. 

Summary of Trace Elements.—Six elements which are found in very smal! 
amounts in food are essential for mammalian life and health. They are iron 


iodine, copper, manganese, zine, and cobalt. Only iron and iodine are likely te 
be deficient in the diet. 


Sodium, Potassium, and Chlorine 


Sodium chloride is added to food in cooking and at the table in an amoun' 
greater than is usually present in the uncooked food. It is the only salt whicl 
is added to the diet and is necded for both its positive and negative ions. This 
requirement is shared with the herbivora. They do not obtain sufficient sodium 


from plants, which are rich in potassium ; consequently they seek out deposits 
of sodium chloride, the so-called ‘‘salt licks.’ 
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: In the body, sodium ions predominate in the plasma and other body fluids, 
while Potassium occurs to a greater extent within the cells, both of the blood 
and tissues in general. A sudden increase of potassium salts in the diet ex- 
erimentally causes an immediate increase in sodium and chlorine elimination 
n the urine for twenty-four hours. Since many foods are higher in potassium 
han sodium, this might easily oceur and result in a subnormal sodium con- 
ent of the body were it not for the addition of NaCl to our food. However, 
f the high potassium intake is continued for several days, the NaCl output is 
liminished even to a point below the amount ingested (Miller). 

Sodium chloride and other salts aid in keeping the serum globulin in solu- 
jon, and they function in the various other Ways mentioned earlier. For ex- 
imple, an excised heart will continue to beat for hours if, under suitable condi- 
lons, it is perfused with an oxygenated solution of salts. The optimum coneen- 
rations of these salts vary with the type of animals, but in all eases sodium, po- 
assium, and calcium must be present. Calcium and potassium seem to be an- 
agonistic to each other in such a nutrient solution. The required osmotic pres- 
ure is produced chiefly by the predominance of NaCl, but the sodium ion it- 
elf is essential and, of course, the pH must be suitable. An example of such 
. solution is Locke’s, which contains 0.92 per cent NaCl, 0.042 per cent KCl, 
.018 per cent NaHCoO,, and 0.1 per cent glucose. 

More sodium than potassium is needed by the body. The usual daily in- 
ake of sodium chloride is about 10 or 15 Gm., or 170-256 meq. This is far 
reater than is required, but this amount is used chiefly because of its flavor. 
\bout 98 per cent is eliminated by way of the urine and 2 per cent in the feces. 
‘he usual amount of potassium in the diet, on the other hand, is only 2 to 4 
m., or 50 to 100 meq. per day. Table LIII (Appendix) shows the sodium and 
otassium content of many foods. 

Although loss of fluid and loss of salt generally accompany each other, a 
eficit of NaCl alone may be encountered. The symptoms are weakness, fatigue, 
ick of appetite, nausea, and a diminution of mental acuity. Impairment of 
enal function with delayed diuresis follow. (MeCance.) A thirst develops 
rhich cannot be allayed by drinking. Salt, however, does alleviate it. 

Chlorine is an essential anion. It is closely connected with sodium in foods, 
ody tissues and fluids, and excretions. It has been seen how it is needed in the 
chloride shift’’ and the formation of gastric HCl. Chloride is excreted, mostly 

NaCl, and chiefly by way of the kidney. About 1 per cent is eliminated in 

e feces, and perhaps 4 or 5 per cent in sweat. 

Ordinary diets contain sufficient sodium, potassium, and chlorine, but when 
ere is excessive excretion of any of them, more must be provided. Adrenal 
sufficiency and acidosis are examples; diarrhea and excessive perspiration are 
hers. Men working in industries in which they encounter intense heat and 
lerspire freely must have salt supplied with their drinking water to make up 
r this loss of electrolyte. 

Although some sodium is found within the cells—particularly those of 
rtilage and muscle—potassium occurs there in much higher concentration. No 
her cation can entirely replace potassium for the performance of a great num- 
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her of cellular functions. It must, therefore, be said to be an indispensable 
element, Potassium can move in and out of most cells more easily than sodium 
according to the demands of shifting membrane equilibria. Probably changes 
in acid-base balance influence these shifts considerably. Under normal con- 
ditions the respective concentrations of Na* and K* are held within a fairly 
narrow range although, as shown by tracer studies with radioactive isotopes, 
these ions move freely across cell membranes. 

In the building of cells the potassium ions are taken up; this appears to be 
essential for growth. In infancy and childhood and during pregnancy and lacta- 
tion there is a comparatively high potassium retention. During muscular 
contraction there is a loss of potassium from the muscle cells to the extra- 
cellular fluid. (Fenn.) Subsequently this lost fraction returns to the muscle 
tissue. The significance of this movement of potassium during muscle contrae- 
tion is unknown, but it seems to be connected with the contractile process 
rather than with the neuromuscular transmission of the stimulus. In the 
steady state it is probable that the loss due to contraction is just equal to the 
gain due to recovery. Undoubtedly this is the condition in eardiae contrae- 
tion, for potassium ions are essential for heart rhythm. 

Potassium also is necessary for nervous activity and the same type of move- 
ment of the ion occurs here. Nerve fibers are exceptionally rich in this element. 
When the nerve is stimulated, potassium diffuses into the surrounding fluid 
very rapidly, and during rest it diffuses back. This diffusion seems to be as- 
sociated with a change in potential which occurs during the conduction of the 
nerve impulse, but its exact physiological role is not known. 

It is now known that potassium is related to carbohydrate metabolism. 
The potassium level of the plasma rises and falls with the lactic acid level and 
with the concentration of blood sugar. It falls after insulin administration 
and rises after giving epinephrine. Glycogen formation from either glucose 
or pyruvate requires potassium ions. The exact manner by which these ions: 
influence glycogenesis in liver has not been identified, but it is felt that the 
maintenance of a normal intracellular ionic environment is essential. Other 
ions probably needed are magnesium, calcium, bicarbonate, and chloride. 
(Fenn; Hastings.) Sinee glycogen deposition in the liver is accompanied by: 
the deposition of potassium, the administration of insulin may, under certain 
conditions, tend to shift potassium from the extracellular fluid into the cells. 
In diabetic acidosis, apparently the failure to metabolize glucose properly is: 
associated with loss of potassium from the cells. There follows an increased! 
excretion of potassium in the urine if the kidneys are functioning efficiently. 
Often there is vomiting, with further loss of potassium. However, the plasma’ 
level of potassium is usually not below normal, because the urinary excretion’ 
cannot keep pace with the influx of potassium from the cells. When insulin: 
is administered, the extracellular fluid potassium will be shifted into the cells, 
and a hypopotassemia will oceur. This may lead to several alarming symp- 
bead tes re paralysis of the respiratory muscles. (Holler; Sprague and’ 

ower.) Hence, under such circumstances the replacement infusion fluid! 
should contain potassium. (See Table XX XVII.) 
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In certain types of hypertension rigid restriction of sodium in the diet 
as been found by some investigators to have a beneficial effect. (See page 
339.) This is a very controversial subject, but in this connection the findings 
£ Sapirstein and Greene are interesting. In hypertensive rats the sodium 
‘ontent of the entire body was elevated, while potassium remained unchanged. 
Their data indicated a penetration of the intracellular compartment by so- 
lium. If this occurs, it must be because sodium displaces some other intra- 
‘ellular cation or is in an osmotically inactive state. Other interrelationships 
f sodium, potassium, and chlorine will be taken up later in this chapter in 
-onnection with water balance. 


WATER BALANCE 


The study of water regulation in the body has made great strides in recent 
years. As might be expected it is clearly bound up with sodium and potassium 
listribution, although other factors also are concerned. Among these are 
icid-base equilibrium; the intermediary metabolism of the proteins, carbo- 
rydrates, and fats; some of the hormones; and certain physical factors. 


Pathways of Salts and Water 


The necessity for the various salts has been discussed in the first part of 
this chapter. They must, of course, be in solution in order to be absorbed. The 
water is derived from water and other beverages drunk and from the water 
sxontent of solid foods. Most of the absorption is through the mucosa of the 
upper intestine. Besides the water actually present in food and drink, a small 
amount is produced in metabolism by the oxidation of the hydrogen of the me- 
tabolites. The amount of this will vary but is generally thought to be from 300 to 
350 Gm. According to Magnus-Levy, 100 Gm. of fat yields 107 Gm. of water; 
100 Gm. of starch, 55 Gm. of water; and 100 Gm. of protein, 41 Gm. of water. 
The water absorbed goes first into the interstitial fluid; that is, the lymph and 
issue juices. From here it passes into cells or blood plasma and wanders back 
ind forth, depending upon conditions. Eventually it is excreted by four chan- 
nels—the skin, the lungs, the kidneys, and the intestines. Salts accompany the 
water into the sweat, urine, and intestinal secretions. 

A typical balance for an average-sized man might be as follows: 





WATER INTAKE GM. WATER OUTPUT GM. 
Drinking water 400 Skin ; 500 
Water in other beverages 580 Expired air 350 
Preformed water in solid 720 Urine 1,100 
foods 
Metabolic water 320 Feces 150 
2,020 2,100 Balance = -80 Gm. 


General Distribution of Body Fluids 


The total amount of fluid in the body is about 70 per cent of the body 
eight. About 5 per cent of the body weight is blood plasma, roughly 3.5 liters 
n a person weighing 70 kilograms. (It will be remembered that the blood makes 
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p about one-twelfth of the body weight, or 8% per cent, and about 60 per cent 
f this is plasma; i.e., 5 per cent of the body weight.) The lymph and other 
xtracellular fluids, or ‘‘tissue juices,’’ comprise the interstitial fluid and total 
bout 15 per cent of the body weight, or 10.5 liters. The intracellular fluid is 
stimated at 50 per cent; in this case, about 35 liters (Fig. 62). The figure for 
ntracellular fluid is an estimate based on determinations on animals. The 
ther values have been obtained by experimental methods. The estimation of 
otal body water presents an interesting problem. Most of the procedures have 
imed at injecting intravenously a substance which would distribute itself 
miformly in the total body water and then determining its concentration. It 
1ust be a harmless substance which would not be destroyed quickly. Most of 
he substances tested have been unsuitable because of their uneven distribution 
mong the different tissues. Recently, however, ‘‘heavy’’ water, deuterium 
xide (Moore) and ‘“‘tritiated’’ water (Pace) have been successfully em- 
loyed. The latter contains a small fraction of tritium, the radioactive 
sotope of hydrogen of mass 3. These ‘‘heavy waters’’ are ideal for this 
urpose because, although they differ enough from ordinary water to permit 
heir determination when mixed with it, they are handled by the body exactly 
n the same way as ordinary water. A few milliliters of tritiated water is injected 
fter determining its radioactivity. At different intervals samples of blood 
re removed and the radioactivity of the plasma is measured. By taking the 
verage after one, two, and three hours, the figure of 64.7 per cent of body 
veight was obtained for the total body water in one human subject, as com- 
yared with 65.2 per cent obtained by calculation by other methods. The error 
s about 10 per cent. 

It is the interstitial fluid which is the ‘‘middleman’’ of the body fluids. 
‘his is the medium through which nutrient materials pass from the blood to the 
ells and sometimes in the reverse direction. Through it also waste products 
ravel from the cells to the blood. Its hydrogen ion concentration and osmotic 
yressure must be in equilibrium with both the plasma and intracellular fluids. 
t shrinks or expands in volume easily as the various physiological functions 
dd to or subtract from the body water. In rapidly occurring pathological dis- 
urbances of fluid balance, the total interstitial fluid may fluctuate tremen- 
lously, and thus it protects both the blood volume and the cellular fluid from 

dden change. In this manner the interstitial fluid is instrumental in pre- 
erving a normal constant equilibrium, a “homeostasis.” When extreme fluid 
ss occurs, plasma fluid is the second to be depleted. The intracellular fluid 

the most vital and is preserved to the end. However, when the fluid loss 1s 
adual, as in water deprivation, all three compartments suffer equally. 


Electrolyte Content of Body Fluids 


The concentrations of electrolytes in the three “‘ecompartments”’ of fluid, as 
hey are called, are maintained within narrow ranges during health. The cells 
re the last to suffer any changes in electrolyte concentration, as they are in 
ater; the interstitial fluid and blood plasma bear the brunt of any fluctuations. 
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ACID-BASE COMPOSITION OF BLOOD PLASMA 
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Fig. 63.—Acid-base composition of blood plasma. (From Gamble, J. L.: Chemical 
Anatomy, Physiology and Pathology of Extracellular Fluid, ed. 5, Cambridge, Mass., 1950, 
Harvard University Press.) 
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64.—The chemical composition of extracellular fluids and of sea water and cell fluid. 
are given as milliequivalents per liter of water contained in the fluid in- 
en that the patterns of blood plasma 
difference is in the 
This makes necessary adjustment of the concentrations of the diffusible 
the total cation-anion equivalence (Donnan equilibrium). The non- 
urea, etc.) is seen to be very small in comparison with that 
f the electrolytes although the total quantity carried to the tissue cells and into the urine 
ver a unit of time is several times larger. The history of extracellular fluid is clearly indi- 
ted by the resemblance of its chemical pattern to that of sea water, which is roughly three 
imes more concentrated than plasma. Note the predominance of potassium and the high pro- 
ein content of cell fluid. (From Gamble, J. L.: Chemical Anatomy, Physiology and Pathology 


f Extracellular Fluid, ed. 5, Cambridge, Mass., 1950, Harvard University Press.) 
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The electrolyte composition of the blood plasma is shown in Fig. 63. 


The values are expressed in milliequivalents per liter. A milliequivalent weight is on 
thousandth of an equivalent weight. Milliequivalents per liter may be calculated from th 
number of milligrams per liter by the following formula: 


f ; Milligrams per liter x Valence 
Milliequivalents per liter. Atomic weight 


Thus a milliequivalent of any one element or ion is equivalent to a milliequivalent of an 
other. The fact that there are 5 meq. of potassium per liter and 5 of calcium in plasm 
conveys the idea instantly that these two are of the same relative value as bases, whereas th 
figures 200 mg. K per liter and 100 mg. Ca per liter would not. 

Venous plasma has approximately the same electrolyte composition a 
arterial, except for the bicarbonate which is higher. Interstitial fluid probabh 
has very nearly the same inorganic composition as plasma; however, because 0 
a lower concentration of protein than in plasma, the distribution of the diffusibl 
ions will be somewhat different as a result of a Donnan equilibrium effect 
Partly for the same reason the distribution of the diffusible ions in the cell 
is also different, since the nondiffusible protein in the cells is much higher thaz 
in the interstitial fluid (see Fig. 64). It will be noted that sodium and chlorid 
are the predominant ions in the extracellular fluids, but potassium and phos 
phate are the major intracellular ions. Protein contributes its importan’ 
‘colloidal osmotic pressure.’? (See page 169.) Bicarbonate, which occurs i 
all three compartments, fluctuates considerably as it is formed and excreteé 
constantly, and both bicarbonate and phosphate contribute to the regulatior 
of acid-base balance. 


Intake of Water 


The total amount of water absorbed by the body depends upon a number 
of factors. In health an important influence is the external temperature, be- 
cause water is concerned in the regulation of body temperature. Ordinarily 
a normal person satisfies his requirements by the ingestion of food and drink 
in moderate amounts and does not experience the sensation of thirst. Thirst 
appears in health when there is an inadequate amount of water in the body. 
While the exact cause of thirst is not known, it appears to depend on decreased 
water content and possibly increased osmotic pressure of the cells. Usually it is 
alleviated by drinking water. However, thirst associated with dehydration 
probably is a sign of a lack of salt as well as water. Men cannot discriminate 
between salt hunger and water hunger as animals can. It is therefore im- 
portant under some conditions to provide salt with the drinking water to re- 
plenish the electrolytes of extracellular fluid. 


Output of Water and Salts 


The loss of water and salts by way of the skin, lungs, and intestinal canal 
is governed by physiological needs. The excretion through the skin and lungs 
is chiefly a matter of heat regulation and bears little relation to the intake of 
fluid. The water secreted by the intestine is the solvent for excretory products | 
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ud is needed to insure suitable consistency to the feces. Renal secretion nor- 
ally is highly flexible. If a large amount of water has been ingested or pro- 
aced, the kidney excretes the excess. If the water intake is low, this organ 
in and does produce a concentrated urine so that little water is lost from the 
dy. Similarly the kidney can conserve or eliminate salt, depending upon 
etary intake. 

The inspired air at ordinary temperatures contains very small amounts of 
ater. Expired air, on the contrary, is almost saturated. The familiar con- 
sensation of moisture after breathing on a cold glass object is evidence of that. 
onsequently any increase in pulmonary ventilation will increase the water loss 
y this pathway. The evaporation of water from the lungs is one of the body’s 
ethods of losing excess heat. 


Sweat._Sweating is an important means of getting rid of body heat, 
nce heat is used in evaporation. At moderate temperatures this evaporation 
eps pace with secretion, and no actual drops of sweat form. This is called 
insensible’’ perspiration. With higher temperatures the sweat glands be- 
me more active and secrete more freely. Evaporation is faster, unless 
e humidity of the air is high. Sweating is accelerated also, for the pur- 
se of dissipating heat, when there is considerable muscular activity. There- 
re the amount of perspiration normally secreted will depend upon the 
mperature and relative humidity of the atmosphere and upon the muscular 
tivity of the individual. The insensible perspiration range is from 300 to 
0 ml. per day; sensible perspiration may be any additional quantity. 

It is of course difficult to obtain sweat for analysis, but by the employment of 
icrochemical and microbiological methods our knowledge of its composition is 
coming more complete. It has a specific gravity of about 1.002 to 1.003, 
ith a pH reputed to be anywhere from 5.2 to 7.3. Urea is present in con- 
ntration four or five times that of blood. Glucose is present in minute 
nounts, much less than in blood. Ten free amino acids have been found by 
icrobiological methods. Most of them are in about the same concentration 
‘in blood, but four are much higher in sweat—arginine and histidine are about 
< times higher in sweat. (Hier.) Sweat is said to have about one-fifth 

one-half as high a concentration of sodium chloride as blood plasma. 
is therefore evident that many of the constituents of sweat are not merely a 
sult of filtration from the blood plasma. Usually less than 0.1 Gm. of nitro- 
n is secreted in the perspiration each day, but if sweating is profuse, as much 
0.2 Gm. may be eliminated in a single hour. Besides NaCl, there occur some 
tassium salts and appreciable amounts of calcium, magnesium, phosphorus, 
id iron, and traces of copper and manganese. (Mitchell and Hamilton.) 

Gastrointestinal Secretion of Water.——The water which leaves the body 

way of the intestinal canal is small in amount under ordinary circum- 
nees because the water of the digestive fluids is largely reabsorbed along 
th the water of the food and drink. Some materials are actively secreted and 

t be held in solution, and the feces must not be permitted to become too 
rd and dry. When diarrhea or vomiting occurs, large amounts of water 
d electrolytes may be lost, especially Na, K, H, Cl, and HCO; ions. The 
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castrointestinal secretions contain potassium in concentrations higher thar 
a ; . . . 

those of extracellular fluid, although lower than those present within the cells 
Consequently the loss of potassium by this route is of great importance, sine 


it may lead to grave potassium deficits. 
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Fig. 65.—Diagram of a single nephron. (From Amberson, W. R., and Smith, D. C.: Outline 
of Physiology, Baltimore, 1939, Williams & Wilkins Co. ) 
S . . . . ‘ . ® 
ecretion of Urine.—The water-excreting function of the kidneys is by 
no means their only function. They excrete waste products, aid in acid-base 
regulation both by exereting acids or bases and by producing ammonia, and, in 
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addition, probably produce physiologically active substances. At the moment we 
are concerned with their activities in excreting water and salts. 

The functional unit of the kidney is the “nephron,” which consists of a 
glomerulus, a convoluted and collecting tubule, and blood vessels (Fig. 65). The 
afferent arteriole goes to the glomerulus, carrying blood to the tuft of capillaries 
which supply it, then continues on as an efferent arteriole. It now breaks up into 
capillaries again which are the sole blood supply of the tubules. The afferent 
arteriole enters the glomerulus, and the glomerular filtrate is formed. This is 
believed to be a fluid, very low in protein, formed by the process of ultrafiltration. 
Phe concentration of solutes in the glomerular filtrate is similar to the arterial 
plasma except for the protein. As a result of this filtration the blood is more con- 
centrated as it leaves the glomerulus in the efferent arteriole. Its protein content 
is consequently increased and therefore its osmotic pressure is greater. It is this 
blood which surrounds the tubules as the glomerular filtrate flows through them. 
Most of the filtrate is now reabsorbed through the tubule cells. About 90 per 
cent of the water is reabsorbed as a result of difference in pressure. Glucose 
is reabsorbed after enzymic phosphorylation in the tubular epithelial cells. 
Sodium, potassium, amino acids, and other substances are also reabsorbed, per- 
1aps by enzyme mechanisms. Carbonic anhydrase controls the carbon dioxide 
ransfer. Urea, creatinine, uric acid, and certain other compounds are not ab- 
sorbed proportionately to the fluid. At the same time certain solutes are 
added to the fluid by an excretory function. of the tubules. Among these are 
hippuric acid, other derivatives of benzoic acid, and still other organic waste 
products. Of the 10 per cent of water remaining, much is reabsorbed as a 
result of the action of the antidiuretic hormone elaborated by the posterior 
lobe of the pituitary gland, except for 1 or 2 per cent. This small fraction, this 1 
or 2 per cent of the glomerular filtrate, flows into the urinary bladder as urine. 
Since an adult exeretes from 1,000 to 1,800 ml. in twenty-four hours, it is evident 
that the total glomerular filtrate must be in the neighborhood of from 50,000 to 
180,000 ml. The end result, urine, is generally a fluid having an osmotic pressure 
rreater than that of the body fluids. In this way the kidney conserves water. 
Towever, the kidney may also produce a more dilute urine. The tubular cells 
may actively reabsorb most of the solutes of the glomerular filtrate. This 
ecurs, for example, after the ingestion of large quantities of water and leads 
o “water diuresis” with the formation of an extremely dilute urine. 

The plasma electrolytes pass through the glomerulus, but some potassium 
yes the blood by way of the tubules, perhaps by active secretion. (Berliner 
nd Kennedy; Mudge.) Sodium and chloride ions predominate in the glo- 
erular filtrate just as they do in the plasma. As this flows through the 
bules they are reabsorbed into the blood along with the water. The electro- 
ytes, like the water, are not absorbed completely. Part of the absorption of 
aCl is brought about through the influence of a hormone of the adrenal cortex, 
esoxycorticosterone. This is the more particular site of the action of this hor- 
one. 

Diuresis, the increased secretion of urine, is brought about chiefly by a 
ilure of the tubules to reabsorb their usual quota of the glomerular filtrate. 
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Sodium salts and urea exert diuretic effects. After they filter through the 
glomerulus, they increase osmotie pressure to such an extent that less filtrate 
is reabsorbed by the tubules. There are some diuretics such as organic mer- 
curial compounds which may exert their action on the enzymes in the tubu- 
lar cells, preventing the absorption of sodium salts and hence of water. 

Dehydration Dehydration may result from an inadequate intake or an 
excessive loss of water, or both, and is of two types: (1) a dehydration due to 
deprivation of water alone and (2) that resulting from a pathological loss of 
water and electrolytes (Fig. 66). The output of water may be due to diuresis, or 
to a loss of water from the gastrointestinal tract as a result of diarrhea, or, more 
frequently, persistent vomiting. There are all degrees of dehydration, from a 
mild state to an exceedingly severe one which may establish itself more rapidly 
than one would believe possible. At first the interstitial fluid suffers a shrink- 
age and not much harm is done, and if water is taken by mouth, there is a 
restoration of normal conditions. Losses of the second type require calculated 
replacement of electrolytes and water. 
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Fig. 66.—A schematic representation of the effect of diabetic acidosis on the volume and 
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PATHOLOGICAL DEHYDRATION AND RELATED CONDITIONS 


At this point it may be well to repeat the statement that normally the 
total osmotic pressures of the plasma, of the interstitial fluids, and of the intra- 
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ellular fluid are all the same. This does not hold for secretions, such as sweat 
nd saliva, which are secreted onto relatively impermeable stratified epithelium, 
ut it does hold for all truly internal fluids. The osmotic pressure is due to non- 
lectrolytes, such as glucose and urea in some measure, and to proteins in a 
ery minute degree, but most of the osmotic pressure is attributable to the 
lorganic ions. Consequently, gains or losses of electrolytes, especially Nat or 


+ 


.*, or changes in their concentrations, are usually followed by shifts of fluid 
Thich restore osmotic equilibrium. 

The volume of blood in an adult’s body is roughly 5 liters, of which about 
5 liters are plasma. It is, of course, from this blood plasma that all secretions, 
s well as the interstitial fluid, are derived. As an example of the effect of loss 
f secreted fluid upon water and salt balance, MeCance gives the following 
lustration. Assume that 500 ml. of mixed jejunal and ileal fluids have been 
sereted and lost from the body. A mixture of equal parts of these two secre- 
ons resemble blood plasma in composition except that they contain less pro- 
in. Consequently, this is like removing 500 ml. of protein-free plasma. The 
sults to be expected are 

(a) A reduction in plasma volume from 2500 to 2000 ml. 

(b) A reduction in total blood volume of 500 ml., ie., from 5000 to 

4500 ml. 

(ec) A rise in red blood cell count because of blood concentration. 

(d) An increase in the concentration of plasma proteins by 20 per 

cent, with a rise in colloidal osmotie¢ pressure. 

(e) No change in the concentration of the plasma electrolytes and hence 

little change in the total osmotic pressure. 

This would result in no change in the size of the body cells because of 
le constancy of osmotic pressure. However, additional losses of other body 
aids would have other effects. Such losses are caused by longer periods of 
shydration, pyloric stenosis, intestinal obstruction, sweating, trauma, and 
vere burns. 

If dehydration and loss of extracellular electrolytes is continued, the volume 
‘the blood plasma decreases, and it is found to have become concentrated. 
yum proteins increase in concentration. Blood urea rises, and a negative bal- 
ice of nitrogen and potassium occurs, which indicates that a generalized tissue 
sintegration has set in. Since the cells contain potassium, this element thus 
ts into the interstitial fluid and thence into the plasma and is excreted in the 
ine. However, prolonged dehydration from any cause has been shown to re- 

t in a greater loss of intracellular potassium than can be accounted for by 
otein catabolism. (Elkinton and Winkler.) A continued dehydration with 
neentration of blood and loss of base eventually leads to death. 

Pylorie stenosis or obstruction results in excessive loss of fluid by vomit- 
g The fluid lost is gastric secretion which is a varying mixture of Natl, 

l, and HCl. Therefore, there will be a drop in the Cl of the plasma. 1T here 
a compensatory rise in HCO, (derived from COz) to preserve electrical 
utrality. Plasma potassium may also be reduced if this ion is not included 
the replacement solution. 
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Darrow has shown that in diarrhea in infants there is a decrease in extra- 
cellular water due to a loss of sodium, chloride, and bicarbonate in the 
watery stools. This is derived from the alkaline intestinal secretions, particn. 
larly pancreatic juice and bile. (See Fig. 67.) As sodium leaves the plasma 
and interstitial fluid, potassium salts move out of the cells. As a result, intra. 
cellular potassium is lost in tremendous quantities. For this reason potassium 
salts are added to therapeutic solutions containing sodium salts. (See Table 
XXXVII.) Since heart block is produced when potassium rises to a certain leyel 
in the plasma, care must be exercised in the intravenous administration of suet 
fluids; hence oral administration is recommended. (Darrow.) 
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Fig. 67.—Electrolyte composition of gastrointestinal secretions. The K+ present in thes 
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omiting frequently occurs, marked dehydration results from these losses of 
lectrolytes and water, with effects pictured in Fig. 66. However, the admin- 
stration of insulin and replacement solutions halts ketosis and further loss 
f water and of the electrolytes. (Atchley.) The acidoses of childhood and 
f starvation are also accompanied by similar losses of water and salts. 


The adrenal cortex has a very profund influence upon electrolyte metabo- 
sm. More specifically it controls the level of sodium ions. In adrenalectomized 
nimals there is a decreased concentration of sodium in the plasma and an in- 
rease in the potassium. Attention at first was centered on this rise in the po- 
assium, but it now appears that the sodium is the more important factor. In 
.ddison’s disease, which is a condition involving adrenal insufficiency, the same 
elationships are seen. The low plasma sodium is a result of increased ex- 
retion of sodium by the kidneys. (Harrop.) It is lost not merely from the 
lasma, but also from the interstitial fluid, especially in the muscles, which at 
1e same time gain water, in a manner analogous to the swelling of erythro- 
ysts when placed in hypotonic saline solutions. (Muntwyler.) Loeb and his 
9-workers have found that treatment with sodium chloride will alleviate the 
ymptoms of patients suffering from this disease. Administration of one of 
1e adrenal cortical hormones, desoxycorticosterone or cortisone, in large 
mounts to animals with acute adrenal insufficiency results in an increased 
»dium concentration in the blood serum. This probably is due to a shift of 
iterstitial fluid (tissue fluid) to the blood, resulting in a dilution of the blood 
ith this fluid, which contains sodium salts. There then occurs a more rapid 
<eretion of water and a diminished excretion of sodium salts, with a conse- 
nent improvement of the condition. In edema states, such as nephroses, 
yrtisone frequently causes a diuresis of sodium and water. 

The high potassium content of the blood in adrenal insufficiency seems to 
e due to a diminished ability of the kidney to excrete potassium. Along with 
1 increase in the potassium content of the serum, there is also an augmentation 
| the potassium of the muscle cells. The large doses of adrenal cortical ex- 
act, which raise serum sodium in adrenal insufficiency, decrease serum 
otassium by enabling the kidney to excrete it. | 

In shock due to trauma or burns, there is no over-all loss of salt from the 
dy, but there is internal loss and a marked change of the electrolyte pattern. 

e injured or burned tissues lose potassium, apparently by extrusion from 
e cells. Sodium passes into the cells in exchange for the potassium. These 
anges are proportional to the mass of damaged tissue. There is also a con- 
erable gain of extracellular fluid (water and sodium) which is probably 
e source of the increment of intracellular sodium. The sodium present in 
e injured cells is really lost from the plasma and interstitial fluid and other 
injured functioning tissue. Tissues remote froz,, the site of injury or burn 
not show much change in water content but do show a loss of sodium and a 
in of potassium, pointing to extracellular dehydration with intracellular 


elling. (Fox and Baer.) 
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The loss of salts and water by sweating may be very considerable. When 
strenuous work is done, especially at high temperatures, as by miners 
or blast furnace workers, as much as from 10 to 15 liters may be lost in 
eight hours of work. If each liter contains 3 Gm. of NaCl, it can be seen that 
this represents a tremendous depletion of the salts of the interstitial fluid. 
When these stores are gone, first the plasma and then the cells suffer. Vio- 
lent cramps (‘‘stoker’s’’ or ‘‘miner’s’’ cramp) and prostration may result from 
the combined loss of salt and fluid. Replacement of the water alone may make 
matters worse by dilution of the plasma. To guard against this, the drinking 
water for such workers should contain 0.1-0.15 per cent of NaCl. This does 
not have an unpleasant flavor and allays thirst quite as well as unsalted water, 
In fevers, patients may lose large amounts of moisture and electrolytes in 
perspiration. These should be replaced if ill effects are to be prevented. An 
increased salt intake during hot weather has also been recommended for most 
people because of this loss of salt in the perspiration. In cases of renal insuf- 
ficiency or edema more cautious replacement is necessary. 

The simplest way to restore fluid in dehydration is to administer saline, 
usually 0.9 per cent NaCl. If there is acidosis, some alkaline salt may be used. 
Sodium lactate or sodium acetate, which are metabolically converted to bi- 
carbonate, are generally preferred to sodium bicarbonate. (See Table XX XVIL) 
Glucose should not be administered unless there is ketosis because it tends to 
cause or increase diuresis and thereby accentuates the dehydration. Excellent 
results have been obtained by the oral administration of isotonie sodium lae- 
tate solution to restore fluid and salt balance in severe extensive third degree 
burns. (Fox.) In infantile diarrhea the addition of potassium to a mixture 
of sodium chloride and sodium lactate was found to improve the clinical re- 
sults. (Darrow and Pratt.) When large volumes of fluid are administered 
in a variety of clinical conditions, the inclusion of potassium and other mineral 
supplementation is advisable to assist in obtaining normal extracellular fluid 
composition. (Fox, 1952.) The readily available solutions for intravenous 
therapy are compared in Table XXXVII. The frequent occurrence of multiple 
ionic alterations and the critical interrelationships among the various cations 
suggest the desirability of some type of ‘‘balanced electrolyte solution.’’ 


TABLE XXXVII 
COMPARISON OF PLASMA WITH REPLACEMENT SOLUTIONS* 
(All concentrations in milliequivalents per liter) 














SOLUTION Na Cl BHCOces Ca Mg 
Plasma 140 27 3) 
Balanced electrolyte solution (Fox) 140 103 55t 10 5 3 
0.9 per cent sodium chloride 154 154 0 0 0 0 
M/6 sodium lactate 167 0 167t 0 0 0 
Ringer’s solution, USP 147 155.5 0 4 4.5 0 
Lactate Ringer’s solution: ‘TSP 130 109. 28} 4 3 0 
Darrow’s solution ‘ 122 104 53t 35 0 0 

cera oul ee 





*From Hox, Cy Ly .dts, otealyne decd at eAGLIaa 827, 1952. 
tObtained by metabolism of acetate 47 and citrate 8. 
fObtained by the theoretical 100 per cent metabolism of pDL-lactate. ; 
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Chapter 19 
URINE 


The main function of the kidneys is the secretion of urine. They possess 
rtain other functions also—the formation of ammonia to aid in the neutraliza- 
m of acids and the secretion of some physiologically effective compounds. 
marily, however, the kidney is an excretory organ. The formation of urine 
om the glomerular filtrate was sketched in the preceding chapter. The urine 
us formed carries off (1) water and salts in such amounts as will maintain the 
rmal equilibria between the extracellular fluids and the intracellular fluids, 
') acids or bases to maintain a normal acid-base balance, (3) waste products, 
) toxic and detoxicated substances, and (5) other substances which are pres- 
t in the blood in excessive amounts, if they can be so excreted. 


GENERAL CHARACTERISTICS 


_ Although it is frequently desirable to obtain and analyze ‘‘casual’’ speci- 
ens of urine, or the excretory output for short periods, it is usually customary 
examine twenty-four hour specimens in order to have a ‘‘yardstick’’ for com- 
rison and study. The physical characteristics which are usually noted in 
amining such a specimen are: volume, turbidity, color, odor, specific gravity, 
d reaction. 

Color.—The color of normal urine is ‘‘amber yellow.’’ It is a color which 

difficult to reproduce artificially in a fluid or to determine colorimetrically, 
cause it results from a mixture of natural pigments and these are not al- 
uys produced in the same proportion. The principal pigment is wrochrome, 
nich is yellow. This is a compound of urobilin and urobilinogen with a 
ptide, according to Drabkin. Small amounts of wroerythrin, and uro- 
rphyrin are usually present. Uroerythrin, which is possibly derived from the 
slanins, is red, and uroporphyrin is a brownish-red iron-free pigment arising 
ym heme metabolism. Riboflavin and one of its metabolic products uroflavin, 
y be present and give a yellow fluorescence to the urine. 

On standing, urine usually deepens in color, a result of colorless ‘‘chromo- 
s’’ changing to colored compounds. Thus, urobilinogen and urochromogen 
oxidation yield urobilin and additional urochrome, respectively. 

Abnormally, there may be excreted excessive amounts of some of the normal 
ments, notably uroporphyrin. The color may also be changed by the 
earance of hemoglobin, urobilin, bile pigments, or melanins. [Foreign pig- 
nts, such as dyes, occasionally are found following their administration. 
ong the chromogens which are not normal is homogentisic acid. The latter 
rs in that ‘‘inborn error of metabolism ’? known as aleaptonuria. In this con- 
ion the urine, when passed, is of normal color but assumes a ‘‘smoky’’ or 
ckish hue on standing. The darkening begins at the top, where it is exposed 
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to oxygen, and travels downward. Homogentisie acid is a product of the in 
complete metabolism of tyrosine and phenylalanine, as shown previously. 

Volume.—The rate of secretion of urine is not constant and depends upo 
a number of factors. Normally more urine is secreted during the day tha 
at night, but this is reversed in the case of night workers. The food an 
fluid intake, the temperature and humidity of the atmosphere, and exercise ar 
the chief influences. Young children excrete more urine in proportion to thei 
weight than adults. Mental excitement also can influence the volume secrete 
The total output in a twenty-four hour period in the northern part of th 
United States averages from 1,000 to 1,500 ml.; in the South it is likely to b 
somewhat less. This is, of course, related to the temperature. In summer, 
day’s output may be as low as 600 ml. because of the diversion of water to th 
skin and lungs. Exercise results in a similar diminution, for the same reasor 
Loss of large quantities of water in diarrheal discharges will also lower the vol 
ume of urine. 


Foods contain varying amounts of water, and some water arises in the oxida 
tion of foodstuffs. Salty and spicy foods as a rule induce diuresis, and certai 
beverages, beer for example, have a decidedly diuretic influence. Among th 
diuretic drugs is caffeine and, therefore, coffee and tea have this property. Ure: 
has the same effect ; hence a high protein diet results in a larger output of urine 


Pathologically the volume of urine is increased as a result of injury te 
the posterior pituitary gland. ‘‘Diabetes insipidus’’ is a disease in which ther 
is a deficient secretion of this gland. In this disease enormous volumes of urin 
are eliminated, with resulting intense thirst. An increased urinary output i 
designated ‘‘polyuria.’’ Polyurias are also seen in diabetes mellitus, because 
glucose is a diuretic; in malnutrition; in certain endocrine imbalances; anc 
in some renal conditions. In fact, an increased flow of urine at night is fre 
quently one of the earliest symptoms of chronic kidney disease. This i 
called nocturia and is defined as the passage of a volume of over 500 ml 
of urine having a specifie gravity below 1.018 during a twelve-hour night 
period. This polyuria of the early stages of chronic glomerulonephritis is be 
lieved by some authorities to be an effort on the part of the kidney to com- 
pensate for the smaller number of healthy functioning renal units. Others 
however, consider it to be a definite diminution of the ability of the tubules tc 
reabsorb the water from the urine, which has filtered through the glomerulus 
even if this be normal in quality and quantity. In later stages, because of the 
involvement of the glomerulus, urine volumes decrease. This is usually alse 
the state of affairs in acute glomerulonephritis. A diminished secretion of urine 
is termed oliguria and a cessation is known as anuria. Oliguria also occurs in 
fevers, cardiac conditions, and in diarrhea. In fevers the explanation is that 
there is a shift in the water balance, much of the water of the blood going into the 
tissues temporarily. From a concentrated blood (anhydremia) the kidney can- 
not remove water. With a weakened heart action the kidney is not supplied with 
a sufficient quota of blood and therefore does not secrete urine efficiently. In 
diarrhea the loss of fluid results in anhydremia with consequent diminution in 
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1€ secretion of urine. Other causes of dehydration, such as persistent vomiting 
r excessive sweating, will similarly cause oliguria. 


Specific Gravity.—The normal range of specific gravity is from 1.008 to 
030, but usually it is within the limits of 1.015 to 1.025. Ina general way it 
aries inversely with the volume secreted. In diabctes insipidus the specific 
ravity is very low, approaching 1.000, while in fevers, in which a small volume 

secreted, the urine is concentrated and has a high specific gravity. An excep- 
on to the inverse ratio is diabetes mellitus. Here the volume is usually large 
ad the specific gravity is high because of the glucose present. 

Normally, urine secreted at night has a higher specific gravity than that 
ereted during the day. A considerable variation also is seen from hour to hour 
iroughout the day. In fact, a constancy, or fixation, of the specific gravity 
yer any appreciable length of time is considered abnormal and a sign of im- 
roper renal function. The principle involved is used in several concentration 
id dilution tests. In each of these, under a fixed set of conditions as regards 
ie kind and amount of food and water taken, the urine is collected at speci- 
2d intervals and the volume and specific gravity determined. In the concentra- 
on tests relatively dry food and little drink are given; a highly concentrated 
rine should be eliminated if the kidneys are normal. On the other hand normal 
dneys are able to secrete a large volume of urine of extremely low specific 
avity when a considerable quantity of water is drunk, as in the dilution 
sts. Abnormal kidneys cannot meet the same demands. Moreover, normally 
ie specific gravity is not constant. For example, in the Mosenthal test, speci- 
ens are collected every two hours. The specific gravities of these samples will 
iow a difference of at least ten points between the lowest and the highest in 
yrmal individuals. In Table XX XVIII are given some typical results. These 
sts are excellent criteria of the qualitative detection of renal dysfunction, 
it they do not give information regarding the extent of damage to the kid- 


aS. 
TABLE XXXVIII 


TypicaAL Two-Hour SpEcIFic GRAVITY TESTS (MOSENTHAL)* 
a 


EARLY TERMINAL MYOCARDIAL 
TIME NORMAr: NEPHRITIS NEPHRITIS FAILURE 

ML SP. GR ML SP. GR. ML SP. GR ML SP. GR 

150 | 1.015 75 | 1.016 140 | 1.005 65 | 1.024 

155 | 1.020 70 |' 1.017 160 | 1.004 80 | 1.022 

190 | 1.013 100 | 1.010 150 | 1.006 70 | 1.020 

250 | 1.010 130 | 1.009 180 | 1.004 85 | 1.022 

~ 120 | 1.020 150 | 1.010 135 | 1.005 100 | 1.018 

245 | 1.011 180 | 1.009 115 | 1.005 50 | 1.024 
1,100 705 880 450 

360 | 1.022 70084 BOle 970 | 1.007 150 | 1.020 
1,470 1,405 1,850 600 





*From Cantarow, A., and Trumper, M.: Clinical Biochemistry, ed. 2, Philadelphia, 1939, 


B. Saunders Co., p. 409 


The specific gravity affords a method of estimating the total solids excreted 
the urine. Actual determination of total solids is time consuming and, be- 
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Fig. 68.—Organized constituents found in urinary sediments. (From Myers, V. C.: Laboratory 
Directions in Biochemistry, St. Louis, 1942, The CG. vy. Mosby Co.) 
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Calcium Oxalate 





a. Calcium Phosphate 
b. Calcium Carbonate 





a. Cystine 


b. Ammonium Urate b. Leucine 
ec. Tyrosine 


ec. Hippuric Acid 


ig. 69.—Crystalline constituents found in urinary sediments. 
Directions in Biochemistry, St. Louis, 1942, The C, V. Mosby Co.) 


a. Sodium Urate (Amorphous) 


(From Myers, V. C.: Laboratory 
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cause of volatile substances present, not very accurate. Consequently a rougt 
method based on a simple calculation is often used. The figure 2.6 (Long’s co. 
efficient) multiplied by the last two digits of the specific gravity at 25° C. is 
taken as the total solids in grams per 1,000 ml. of urine. 

Reaction.—Normal human urine may be neutral, acid, or alkaline, having 
a pH range of from 4.8 to 7.5. It is usually acid with an average pH of 6.0. 
The reaction is dependent on the many different inorganic ions as well as or- 
ganie compounds of acid and basie character present in urine. 

Protein diets give rise, in general, to highly acidic urine. This is chiefly due 
to the sulfur of the sulfur-containing amino acids which is oxidized to sulfuric 
acid. The phosphoproteins in addition yield phosphoric acid, as do the nucleic 
acids and the phospholipids. Meats, therefore, are most productive of acid 
because of their high content of proteins, nucleic acids, and phospholipids. 
Alkaline urines are secreted when there is a predominance of vegetables and 
fruits in the diet, since in general they have an alkaline ash. (See page 323.) 
Thus the proportions of the various foods will influence the reaction of the 
urine. There is another factor which plays an important part. That is the 
production of ammonia by the kidney, and this modifies the amount of titrat- 
able acidity. The total titratable acidity usually is equivalent to 150 to 500 ml. 
N/10 acid per day. 

Specimens of urine taken at intervals will usually vary a great deal in 
their acidity. Soon after meals the urine secreted is quite alkaline for a while. 
This ‘‘alkaline tide’’ is explained by the fact that hydrogen ions are secreted 
in great quantity in the gastric juice. This would result in an alkaline blood 
if the kidneys did not secrete a preponderance of base at that particular time. 

Urine must not be permitted to decompose during or after the collection 
of a twenty-four hour sample. If microorganisms begin to grow they convert 
the urea to ammonium carbonate and the urine becomes ‘‘ammoniacal.’’ Be- 
sides having an unpleasant odor, it indicates a change in the distribution of the 
nitrogenous constituents, with some loss of nitrogen as volatile ammonia. To 
avoid this, the urine may be kept cold, or a preservative, such as toluene, may be 
added to the container at the start of the collection period. 

Odor.—F reshly voided urine, or urine which has not been permitted to 
spoil, has a not unpleasant odor, sometimes described as ‘‘aromatiec.’’ If 
urine does not have such an odor soon after it is passed, it may indicate some 
pathological state. A putrid or strongly ammoniacal smell would point to de- 
composition by bacteria, probably occurring in the urinary bladder. Other 
odors arise from foods eaten, such as the unpleasant one of methyl mereaptan 
after partaking of asparagus. Oil of sandalwood, eubebs, and other drugs give 
rise to characteristic odors in the urine. Methyl salicylate and oil of wintergreen 
give rise to a strong odor of wintergreen. Perhaps the most important odor, 
and one which sometimes aids in diagnosis, is the fruity aroma which is observed. 
when a large amount of acetone is present. 

Turbidity.—Normal urine is always perfectly clear and transparent when | 
voided. On standing there is likely to separate out a faintly cloudy floceulence | 
which is believed to be nucleoprotein or mucoid, present only in traces, together! 
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rith some epithelial cells. Turbidities may be of several types. Ammonium 
rate may precipitate from alkaline urine, whereas other urates are found only 
n acid urines. The former dissolve on acidification; the latter, on warming. Cal- 
ium phosphate and ammonio-magnesium-phosphate (‘‘triple Ahosohate are 
nly seen in alkaline urines, or they may form a cloudy precipitate from an al- 
aline urine on warming. They dissolve on acidification. It is therefore quite 
ssential to be sure that a urine sample is slightly acidified when making a test 
or heat-coagulable proteins. If a clear urine is acidified slightly without heat- 
ng and a precipitate is formed, it is either a mucin or a nucleoprotein, since 
hese proteins come down at an acid pH. A sediment in urine which does not 
issolve on adding acid or on heating is most likely made up of cellular mat- 
er; i.e., pus, epithelial cells, or microorganisms. 
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Fig. 70.—Crystals appearing in human urine after administration of (from top to bot- 
ym) sulfapyridine—arrowheads and whetstones; sulfathiazole—striated dumbbells (shocks of 
heat with central binding), rosettes with radial striations, and regular hexagonal platelets 
ll structures symmetrical) ; sulfadiazine—striated dumbbells (shocks of wheat with excentric 
nding) and shell forms with radial striations (all structures asymmetrical). It is apparent 
t the sulfathiazole rosettes and the sulfadiazine shells grow out of their respective dumb- 
ll forms. (Traced from microphotographs of urinary sediment X250.) (From Lehr, D., 
d Antopol, W.: Science 94: 282, 1941.) 











A microscopic study of the sediment present in the urine is often of great 
istance to the clinician in diagnosis. Both crystalline substances and cells 
ord many clues which an expert microscopist can utilize to advantage. A 

ber of these cells and erystals sketched from typical fields is shown in Figs. 
and 69. In Fig. 70 are shown crystals of some of the sulfa drugs likely to be 
und in the urine following therapy with these substances. A small number 
leucocytes is always, or almost always, present. Only an increase is patho- 
gical, and it is then called ‘‘pus.”’ Pus is usually accompanied by protein 
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and may arise from an inflammation of any part of the genitourinary tract. 
The presence of a small or moderate number of epithelial cells, also, is an ordi. 
nary occurrence, but a great number is abnormal. However, in the female, 
catheterized specimens are required for careful diagnostic work because fairly 
large numbers of red and white blood cells and vaginal epithelial cells are likely 
to be present in uncatheterized urine. 


GENERAL COMPOSITION OF URINE 


Normal urine is composed of the following: (1) water, (2) inorganic 
salts, (3) nitrogenous organic compounds, (4) nonnitrogenous organic com- 
pounds. 

The inorganic ions include the following: 


Cations 
Sodium, potassium, calcium, magnesium, ammonium; traces of iron, cop- 
per, zine 
Anions 
Chloride, phosphate, sulfate, carbonate; traces of nitrate, silicate, fluoride. 


There are also minute traces of many other inorganic compounds. 

The nitrogenous organic compounds excreted in the urine are, with few 
exceptions, waste products. The most important ones are urea, uric acid, 
creatinine, creatine, hippuric acid, indican, purines other than uric acid, and 
amino acids. 

Nonnitrogenous organic substances are less in amount and include traces of 
glucose, glucuronic acid, cholesterol, and the acetone bodies; oxalates and 
salts of other organie acids; and organic sulfur compounds. 


The Sulfur of Urine.—Most of the sulfur of our diet is protein sulfur—in 
the amino acids cystine, cysteine, and methionine. Some enters the body also 
as chondroitie acid and there are small amounts in other forms. It is excreted 
as oxidized, or ‘‘acid sulfur,’’ i.e., as sulfate, or as ‘‘neutral sulfur.’’ Sulfates 
are both organic and inorganic. The former is called ‘‘ethereal’’ sulfate. 
There is no definite proportion among the three forms. the inorganic, ethereal, 
and neutral, but on an ordinary mixed dief from 79 to 84 per cent of the total 
sulfur is excreted in the form of inorganic sulfate. The remainder is divided 
between the ethereal sulfates and the neutral sulfur: about 4 to 7 per cent is 
ethereal sulfate and 16 to 21 per cent is neutral sulfur. (Freyberg.) 

The sulfur of the amino acids is mostly oxidized to H.SO,, which combines 
with inorganic bases for the most part and, to a lesser extent, with organic com- 
pounds. These may be phenols, eresols, indoxyl, skatoxyl, or other compounds. 
Some of these are toxic and the formation of the ‘““conjugated’’ sulfates trans- 
forms them into harmless products. The reactions are analogous to that shown 
for the formation of indiean from indoxyl on page 521. Since the sulfates are 
derived from the sulfur-containing amino acids, the amount of total sulfate ex- 
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reted will, in a general way, be an index of the amount of protein metabolized, 
though not as accurately as the total nitrogen excretion. Hence, the total 
ufate and the total nitrogen of the urine generally run parallel. 


The remaining fraction of urinary sulfur, the neutral sulfur, includes a 
uriety of compounds having the —SH, -S- , and -—SCN groups. It would, 
cordingly, include sulfur-containing amino acids, such as cystine and any 
eptides containing them. Also in this fraction would be thiosulfates, taurine, 
‘gothioneine, urochrome, and the thiazole part of thiamine. The amount ex- 


eted is largely independent of protein intake, but is related to cellular protein 
itabolism. 


Pathologically sulfate excretion is increased when tissue protein catabolism 
speeded up, as in acute fevers. Neutral sulfur excretion rises in cases of 
isoning by eyanides and nitriles, because of the transformation of these com- 
yunds into thiocyanates and their excretion in that form. Chloroform and 
her anesthetics also increase the excretion of neutral sulfur. In eystinuria, 
iturally, this fraction is greatly increased. 


Phosphorus.—The only phosphorus compounds found in urine in ap- 
eciable amounts are the derivatives of orthophosphorie acid. The total 
nount of phosphate eliminated in the urine will vary with the amount of 
10sphorus in the food and the amount absorbed. [ood phosphorus is con- 
ined in the phosphoproteins, phospholipids, nucleoproteins, and preformed 
10sphate. If calcium or magnesium ions are present in the intestinal canal in 
yundance at the same time as phosphate ions, insoluble ealeium or mag- 
sium phosphate will be formed which will not be absorbed. Other in- 
luble phosphates are also possible, and consequently the urinary phos- 
late may represent only 50 to 70 per cent of the food phosphate. Most of 
e remainder goes through into the feces. The determination of the amount 
phosphorus in urine is, therefore, of little value. There are certain major 
ictuations of the urinary phosphorus which are of interest, however. In 
idosis the phosphoric acid or acid-phosphate excretion may rise (unless the 
dney is incapable of secreting it, as may be the case in nephritis). This is a 
rect effort of the organism to get rid of hydrogen ions, preserve its base so far 
possible, and maintain the normal pH. An increased elimination of phos- 
ate is one of the first events in hyperparathyroidism, or after the adminis- 
tion of parathyroid hormone. Low urinary phosphate is likely to be as- 
iated with diarrhea, because the intestinal contents are hurried through the 
al; with acute infections and nephritis, because of failure of the kidneys to 
ection adequately; with pregnancy, as a result of the fetal requirement for 
osphate; and with rickets and other bone diseases, in which there is a dimin- 
ed absorption or increased intestinal elimination of phosphate. When in- 
is administered there is an increased requirement of phosphate for the 
ation of hexose-phosphates. This results in a diminished urinary phos- 
ate for a time, often followed by an increase. 
Chloride.—About 10 to 15 Gm. of chloride, as NaCl, are ingested per 
Normally the amount eliminated in the urine is almost equal to that taken 
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in. Next to urea the chlorides of the urine are the chief solid constituents. Acid 
base balance and water balance are intimately associated with the distribution 
and elimination of NaCl. As has been seen, the sodium may be retained in time 
of stress, to conserve base. This is evident in the last stages of such a conditio 
as pyloric obstruction. 

It should also be remembered that as the filtrate, formed by the glomerulu 
of the kidney, is reabsorbed, much of the NaCl is absorbed. This is one of th 
‘threshold substances’? needed by the body and therefore retained in fairl 
definite concentrations. In Table XX XIX is shown a number of the commoi 
constituents of blood and urine with their relative concentrations. Sodium 
ealcium, and chloride ions have about the same concentrations in both urin 
and blood, which indicates that they are retained normally through the reabsorp 
tion mechanism of the kidney. In the case of sodium and chloride the eviden 
result of this retention is a very large contribution to the osmotic pressure of th 
blood. 

TABLE XXXIX 


RELATIVE CONCENTRATIONS OF CONSTITUENTS OF URINE AND BLOOD* 








CONCENTRA- CONCENTRA- 





























TION IN TION IN CONCENTRA- | CONCENTRATION IN BLOO 
SUBSTANCE URINE BLOOD TION IN RENAL 

(MG. PER (MG. PER RATIO - INSUFFICIENCY 

CENT) CENT) 
Urea 2000 30 66.6 Increased 
Uric acid 60 2 30 Increased 
Creatinine 75 2 37.5 Increased 
Indican 1 0.05 20 Increased 
Phosphate 150 3 50 Increased 
Sulfate 150 re aay 50 Increased 
Potassium 150 20 7.5 Slightly increased 
Chloride 500 350 1.4 Not. increased 
Sodium 350 335. ] Not increased 
Calcium 15 10 aD ee Not. increased 
Water i op Not. increased 


* Vj , é - * see 5 = 
Rsbigon kee A. M.: Hypertension and Nephritis, ed. 4, Philadelphia, 1939, Lea + 


Deprivation of salt, as in salt-poor diets or in starvation, leads to a marke 
decrease in the volume of urine. It is the amount of chloride in the interstitia 
fluid which tends to determine chloride and water excretion. Ordinarily th 
addition of salt to a diet results in the elimination of the excess within forty 
eight hours. After a period of salt deprivation, such an excess will be retaine 
until the volume and salt content of the interstitial fluid has been reconstitutec 

An excessive loss of sodium chloride by way of the urine occurs in adrena 
cortical insufficiency (Addison’s disease). A clinical diagnostic test (Cutler’s 
is based on this fact. With a low sodium and high potassium diet for thre 
days, the excretion of sodium by normal individuals averages 22 mg. per 10 


ml. of urine on the third day, whereas that of patients having Addison’s dis 
ease averages 206 mg. per 100 ml. 
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During the formation of the exudate in pheumonia, salt is removed from 
e other body fluids. Less salt is available, therefore, to the interstitial fluid, 
id both blood and urine chlorides dr op. When the exudate is reabsorbed, the 
ndition is reversed and larger quantities of chloride reappear in the urine. 
Positive Radicals——Ammonium, sodium, and potassium ions leave the 
dy chiefly by way of the urine. Calcium and magnesium are excreted both 
rough the intestinal tract and through the urine, chiefly perhaps by the 


rmer route. Ammonium salts will be considered among the nitrogen com- 
unds. 


Urea.—Urea is the diamide of carbonic acid and, as such, is represented 
the formula CO(NH,),. This simple formula is in accordance with many 
the reactions of this compound, including its preparation from ammonia 

d carbonic acid in vitro. Ammonia is caused to react with carbon dioxide, 
elding ammonium carbamate. This is heated under pressure, liberating wa- 
r and producing urea. 


OH ONH, ONH, NH, 
ft Vis ra vA 
C=O + 2NH, — C=O - H, —- Cc=0 - HO - C—O 
ms oh a x 
OH ONH, NH, NH, 
Carbonie Ammonium Ammonium Urea 
acid carbonate carbamate 


is formula, however, does not explain all the properties and reactions of urea, 
d a number of others have been suggested. Some of these are shown in the 
lowing diagram* : 


Carbamide Iso-carbamide Hydrazi-carbinol 
(Dumas). (Butlerov). (Fearon). 
H,N H,N 
OO a 3G, 0H- <3 | CH.OH 
H,N~ HNY HN 
H,N THN 
| SS pxe tea 3.07 
+H NY HNY 
AMeso-carbamide. Dipolar urea 
(Werner). 


Urea is a white solid; it is odorless but has a bitter salty flavor. 
It is soluble in water and alcohol but not in ether or 


oroform. The enzyme urease, which occurs in the jack bean and soybean, 
elerates its conversion into ammonium carbonate. 







in long prisms. 


ther fluids. 
of different ways. 


*From Fearon, W. R.: 
. Mosby Co. 


CO(NH;)s 


It erystal- 


+ 2H,O — (NH,),CO, 


is the basis for the quantitative determination of urea in blood, urine, 
The ammonium carbonate formed is easily measured in a num- 


9 


An Introduction to Biochemistry, ed. 2, St. Louis, 1940, The 
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If dry urea is heated above its melting point, biuret is formed with th 


evolution of NHs. 


NH, 
NH, =( 
seal = \va + L2H 
an? sf 
NH, == 
NY 
NH, 
Biuret 


Biuret on treatment with cupric sulfate and an alkali yields a rose color. Th 
well-known biuret reaction for peptides and proteins is based on this and indi 
cates the presence of a grouping similar to the central portion of biuret. Al 
though urea is neutral in reaction, it reacts with acids as a monobasic amide 
Urea nitrate and oxalate form characteristic crystals insoluble in excess of th 
acid. 2 


Nitrogen 
Grams 


24— 






Non-urea nitrogen 


cO=—= 





ZM@ODA-Z YPMAC 


Fig. 71.—Relation of urea nitrogen to nonurea nitrogen at various nitrogen levels. 


As has been seen, urea is the chief end product of protein metabolism. It i 


excreted in the urine in larger amounts than any other substance (about 3 
Gm. a day) and makes up from 85 to 92 per cent of the total nitrogen on é 


medium or high protein diet. On a low protein diet the proportion (as well a 
the actual amount) of urea nitrogen is lower. It may be as low as 60 per cen! 
of the total nitrogen. The reason for this is that the urea output parallel: 


2 
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min mettle the nore tion depends ny eto pos 

actors. In Fig. 71 is indicated how, with a 
creasing total nitrogen, the urea nitrogen assumes a smaller and smaller pro- 
rtionate part of the total nitrogen. 

It is nontoxie even when present in the blood in relatively large amounts. 
msequently the reason high concentrations of urea are regarded with con- 
rn is not because of any inherent danger from the urea itself but rather be- 
use they indicate inadequate excretory function. Urea is a diuretic. It is 
t reabsorbed from the glomerular filtrate as it passes through the tubules 
d increases the osmotie pressure of the fluid. 

Ammonia.—The total amount of urinary ammonia, as ammonium salts, is 
proximately 0.7 Gm. per day (0.5 to 0.8). It is formed in the kidney; its 
ecursors have been discussed in Chapter 15. The production of ammonia 
Js in the neutralization of acids. By so doing it conserves bases like sodium 
d potassium which are essential for important physiological activities, such 
buffer action. Thus when an acid like acetoacetic acid is produced in large 
10unts, it is thrown into the blood where it is buffered by Na*HCO,-. Thus: 


Eahsee NaH OO. “== —H.CO; o+ =NatA- 


Acetoacetic 
acid 


ie HCO; is excreted in the lungs. To restore the lost NaHCO, the follow- 
z occurs in the kidney: 


NatA- tee Nth CO. | te Na*HCO, + NH, A- 


Filtered Secreted Reabsorbed Excreted 
through by tubule into blood in urine 
glomerulus 


Normally the urinary ammonia comprises about 2.5 to 4.5 per cent of the 
al nitrogen. In acidosis this rises above 5 per cent, and at one time this was 
2 method of determining the presence and degree of acidosis clinically. Since 
ea is easily decomposed and converted to ammonium carbonate, ammonia de- 
minations must be made on fresh or sterile urine. 

Uric Acid.—Acidified urine, on standing, will show a reddish crystalline 
posit of uric acid. In fact, the normal acidity may be enough to permit this 
take place. These crystals assume a variety of shapes—wedges, prisms, 

bbells, rosettes, ete. This impure uric acid may be purified by dissolving 
n concentrated sulfurie acid and pouring this into a very large volume of 
d water. Pure uric acid, or nearly pure, crystallizes out in white rhombic 
tes under these conditions. This odorless, tasteless crystalline substance is 

luble in alcohol and ether, slightly soluble in boiling water, but soluble in 
alies and alkali carbonates. Its alkaline solutions have some reducing power 
silver salts, copper salts, phosphomolybdates and phosphotungstates. The 
uction of phosphotungstate is utilized in the Folin method for the determina- 


of uric acid. 
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When oxidized in alkaline solution allantoin is formed, but in acid solution 
alloxan is the product. 





























NH, 
H 
wa 
C=0 O=C—N 
| NS 
H—N—C=O c=0 
ys 
H HN ———-HC —N - 
S ss 
OF =16, C—N H 
> =e Allantoin 
x 
H—N—C—N 
~\ we 
H HN —C=O 
Urie acid | 
O='C C310) 
HN —C=O 
Alloxan 


Allantoin is an end product of purine metabolism in many animals but not in 
man. Alloxan is of interest as a substance which can produce diabetes experi- 
mentally. (See page 435.) 


The murexide test is a color test for uric acid and other purines in a dry 
state. The dry material in a small porcelain evaporating dish is treated with a 
drop or two of concentrated nitric acid, and it is then dried on a boiling watet 
bath. A bright red color is produced in the presence of uric acid, which changes 
to purple if a drop of ammonium hydroxide solution is added at one side and 
to violet if sodium hydroxide is touched to another portion. This is a useful test 
when analyzing urinary calculi. 


Although urie acid has no carboxyl groups, it acts as a weak, dibasic acid. 


ry e . . . ~ . ° 
his is due to the enolization of the three OH groups as shown in the following 
formula : 











N =C—OH 
| i 
HO-C ¢_N 
~ 
C—O 
Nc = 


This should be tribasic but apparently the third hydrogen ig not dissociated 
Thus we have salts of the type C,H,NaN,O, and C,H,Na,N,O,. Of the alkal 
salts, the ammonium salts are the least soluble; then, in increasing order 0! 
solubility, come sodium, potassium, and lithium. The fact that lithium urate 
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the most soluble gave rise to the use of ‘‘lithia waters’’ in the treatment of 

athological conditions ascribed to an excess of uric acid, or urie acid deposits. 
he lithium was expected to expedite the elimination of uric acid as the more 
luble lithium urate. 


The total amount eliminated is approximately 0.7 Gm. per day. Its de- 
rmination in urine, however, is of little clinical value. Since it is an end 
oduct of purine metabolism, it will of course fluctuate with the purine intake. 
lets rich in nucleoproteins, such as meats, particularly glandular meats, meat 
‘tracts, and legumes, lead to an increased excretion of urie acid. Caffeine, 
eophylline, and theobromine are not converted into uric acid. However, 
1 a purine-free diet, some uric acid is constantly excreted. This amounts 
about 0.2 to 0.5 Gm. per day for an adult. This fraction is referred 
as ‘‘endogenous’’ uric acid. If this is determined for a given individual, the 
cess above this figure, which he will exerete on a purine-containing diet, is 
rmed ‘‘exogenous.’’ Endogenous is supposed to refer to the metabolism of the 
dy cells and exogenous to the metabolism of food. Although metabolism ean- 
t be divided in such an arbitrary way, the terms are often useful and are fre- 
ently employed. The uric acid excreted on a purine-free diet must arise 
om synthesis. This has been discussed in Chapter 15. 

The intensity of nuclear metabolism is frequently reflected in the uric 
id output. Thus, in leucemia, in which there is a high degree of nuclear 
tabolism, the urie acid excretion is markedly increased. However, it must 
, remembered that nucleoproteins oecur in the cytoplasm as well as in the 
iclei. 


Creatine and Creatinine.—In Chapter 15 the relationship of these com- 
uunds to each other was discussed in detail. Creatinine is a constant normal 
nstituent of urine, while creatine is an inconstant one. The former is easily 
termined by a colorimetric method, based on Jaffe’s reaction. This is the pro- 
iction of a red-colored substance when a creatinine solution is treated with 
eric acid and alkali. Creatine is estimated, after transforming it to creatinine, 
‘the same reaction. This gives creatine plus creatinine. The transformation is 
complished by long boiling in acid solution, or by heating in an autoclave at 
m 115 to 120° C. for twenty minutes. 

Creatinine also yields a deep red color when a few drops of fresh sodium 
roprusside solution are added and the fluid is made alkaline. This color dis- 
pears after acidification with acetic acid. The importance of this test lies in 

fact that acetone, a pathological constituent, gives a similar color under the 

e conditions, but it is not dispelled by acid. 

The amount of creatinine eliminated varies chiefly with the weight of the 
ividual, unless he is obese. That is, it has some relation to the muscular 

_ The ‘creatinine coefficient’’ for men is about 18 to 32 mg. per kilogram 
body weight, and for women, 9 to 26 mg. per kilogram. A round number is 

tal of about 1.5 Gm. per day. 
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Hippuric Acid.—Hippurie acid is so-called because it was first foun 
in the urine of horses. It is benzoyl glycine, a compound of benzoic acid an 
elycine. 

Ossett 


H H el 
COOH SS. ott Rote y 


4~ iy A — bt,coou 
, | + CH,-COOH => 
VY \/ 


Benzoie acid Glycine Hippuric acid 


This is a physiological metabolic reaction which results in the ‘‘ detoxication’ 
of benzoic acid and benzoates. These occur in vegetable foods or ar 
derived from the oxidation of aromatic substances. About 0.7 Gm. pe 
day is eliminated on the average diet, but deviations from this are t 
be expected, depending upon the amount of the precursors in the diet 
Glycine is usually present in sufficient amounts to combine with any quantit 
of benzoates which are likely to be ingested. Cranberries contain from 0.0 
to 0.09 per cent of benzoic acid, and other fruits and berries smaller amounts 
Some foods such as ketchups are permitted by law to have 0.1 per cent sodiur 
benzoate added as a preservative. This is, of course, also converted into hippuri 
acid. Hippurie acid ean easily be isolated from urine containing considerabl 
amounts of it by concentrating and then acidifying. Both urie acid and hig 
purie acid will crystallize out, but they can be separated by the use of hot wate 
in which hippurie acid is more soluble than uric acid. After again concentrat 
ing and acidifying, the hippurie acid will crystallize out in long, rhombi 
prisms. - 

In man the synthesis of hippuric acid takes place almost entirely in th 
liver. It is accomplished by the action of hippuricase, an amidase which als 
hydrolyzes hippuric acid to its constituents. Both ATP and coenzyme A ar 
required for this biosynthesis (Chantrenne). This synthetic action has bee! 
used as a test for liver function, but it is evident that it is only a test for thi 
particular liver funetion—not for all (Quick). Nevertheless it is claimed tha 
subnormal values have been obtained in patients with various types of hepatiti 
and other liver conditions but not in those with uncomplicated obstruction 0 


the common bile duct; that is, it may aid in differentiating between hepatic an 
obstructive jaundice. 


The test consists in administering by mouth 5.9 Gm. of sodium benzoate in 30 ml. 0 
water one hour after a breakfast of toast and coffee. One-half glass of water is then taker 
the bladder is emptied, and the urine is collected hourly for four hours. Although the hippuri 
acid may be determined in each specimen, the total amount excreted is the most significa” 
fact. During the four hours a normal person exeretes about 3 to 3.5 Gm. of hippuric aci¢ 
while a poorly functioning liver will not form that amount. There are several method 
of determination, the simplest one being to acidify with HCl, filter off the hippurie acic 
and dry and weigh it, or it may be estimated by titration with standard alkali. A €0l 
rection must be made to account for the amount of hippuric acid which remains in solutior 


URINE 521 


Indican.*—Indican is the salt or salts of indoxy] sulfuric acid. It is derived 
om indole, which in turn arises from the action of putrefying bacteria upon 
yptophan or of proteins containing it. This occurs in the large intestine. 

any indole is absorbed, it undergoes a series of ‘‘detoxication”’ trans- 
rmations, probably in the liver, and indoxyl is formed. This is conjugated with 
lfuric acid and neutralized to yield a salt. Indican is detected in the urine by 
idizing it to indigo blue. Obermayer’s reagent, which is concentrated hydro- 
lorie acid containing a small amount of ferric chloride, is a good oxidizer for 
is purpose. Chloroform is then added and, after shaking gently, the blue dye 
taken up by the chloroform. The formation of indican and its oxidation to 
digo blue are shown below. 


4 ___cH,-CHNH,—COOH y paeee 
J Bacterial | 
a 
ON action in Sere 
* N large intestine fi Ath 
| | 
H H 
Tryptophan Indole 
O 
| 
1 Satan oe eat) = OE 
if absorbed, )H,50, I 
—_—_—_—_——— + + 
oxidized in liver and neutralization 
a with KHCO, in liver i eA 
| 
ti th 
Indoxy] Indican 
(Potassium indoxylsulfate) 
YD Trae i) 7, OO SS S 
2 molecules | 
of indican 
see EERE» Ga 
oxidized in i ee ee ee Ugh 
test tube ‘7 7 z 
ii H 


Indigo blue 








The steps between tryptophan and indole are not known, but it is thought 
t they occur in the manner shown on page 250. It should be remembered 
t indole is not formed in the normal metabolism of tryptophan in the body. 
is a product of putrefaction, usually in the intestine, but possibly in other 
tions. Normally, according to Hawk and associates, from 4 to 20 mg. are ex- 


*The te “indican” is employed here in the usual clinical sense. This is not accurate 
ts le chemical cienageine: according to which indican is a colorless Me eae a 
bination of indoxyl with glucose, found in the indigo plant. This is hydrolyzed 4 hi 
es to glucose and indoxyl. The indoxyl is then oxidized by the air to indigo. The c inica 
jean” is more properly designated “indoxyl sulfate,’ but long usage warrants the term 


ican.”’ 
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ereted daily, but a qualitative reaction may not be positive for this amount. Ar 
increase in urinary indican is found when there is increased putrefaction, pro 
vided the products are absorbed. (Putrefaction, it will be remembered, is thi 
anaerobic bacterial decomposition of proteins.) Among the pathological condi 
tions in which this is likely to be observed are hypochlorhydria, because of dimin 
ished bactericidal action of the gastric juice; intestinal obstruction and paralyti 
ileus, because the peristaltic movement is inhibited; and obstructive jaundice, be 
cause the absence of bile produces voluminous feces with higher nutritive valu 
for the bacteria. Indicanuria is rather rare in simple constipation and rathe: 
eommon in diarrheas. Furthermore, some individuals showing no gastrointes 
tinal symptoms excrete large amounts of indican continually, while others, witl 
and without such symptoms, have no indican in their urine. It is, thus, a 
index of absorption of putrefactive products but does not necessarily have an} 
other significance. 

If putrefaction occurs elsewhere than in the intestinal canal, indole is pro 
duced and absorbed and follows the same course. The bacterial decompositior 
of tissue proteins or of the proteins of body fluids, such as exudates, occurs it 
gangrene, abscesses, empyema, etc., and may lead to a marked indicanuria. 


Non-nitrogenous Organic Compounds.—Very small but variable amount 
of a number of other organic compounds are found in the urine. The range 0 
glucose in the urine of normal individuals is from 0.01 to 0.10 per cent, bu 
usually it is in the lower part of that range, and a negative Benedict’s test i 
almost invariably observed in normal urines. Glucuronates are formed afte 
the administration of camphor, chloral, menthol, phenol, morphine, aspirin 
and other drugs. Some of these, it will be remembered, also combine with sul 
furie acid, forming ethereal sulfates. The ‘‘conjugated’’ glucuronates wil 
reduce alkaline copper solutions and rotate the plane of polarized light to th 
left but are not fermented by yeast. The sex hormones are excreted as conju 
gated glucuronates; they are more soluble in water than the uncombinet 
hormones. 

The ‘‘ketone bodies,’’ or ‘‘acetone bodies,’’ are present in normal urine 1 
very small amounts, less than 0.1 Gm. in twenty-four hours. They consis 
of beta-hydroxybutyrie acid, acetoacetic acid, and acetone. These substance: 
arise in normal fatty acid catabolism in the liver and are carried by th 
blood to the extrahepatic tissues where their further degradation occurs. Th 
concentration in the blood is usually less than 1 mg. per 100 ml. 

Oxalates are probably excreted constantly in minute amounts. If presen 
in sufficient concentration, they will unite with calcium to form insoluble caleiun 
oxalate. This forms characteristic crystals of two types: dumbbell an 
octahedral. Citrate also is a normal constituent of urine and is assuming mor 
importance continually. About 0.2-1.2 Gm. is found in adult urine in th 
twenty-four-hour output under ordinary circumstances. It is increased fol 
eae ibe, Us aos of alkali or during a high carbohydrate and fa 
in the Baud put prisee mevehilieello sSNA Once 
to changes in the steroidal Be hacniee h xs made de once also is rela 

‘ , ormones, but this may be an indireé 
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ffect. The significance of these facts is not apparent. (Smith and Meyer; 
huck; Shorr.) Undoubtedly other organic acids occur in urine in small 
mounts but, because they do not erystallize out or give characteristic reac- 
ons, they have not been studied extensively. 


Vitamins, Hormones, and Enzymes.—The water-soluble vitamins are ex- 
‘eted by the kidneys in variable amounts. If excessive quantities are present 
1 the diet, some, but not necessarily all, of the excess is climinated. For some 
f these vitamins the determination in urine has been used as a measure of 
eficiency. [I‘or example, the excretion of thiamine on an adequate diet amounts 
» 90 wg or more in males and 60 or more in females. On a deficient diet it is 
) and 43, or less, respectively (Robinson). Sometimes ‘‘saturation’’ experi- 
ents have proved valuable, that is, the response to the administration of a 
irge dose of the vitamin. The excess eliminated reflects the degree of satura- 
on previously present. However, the excess is not always eliminated quan- 
tatively. Niacin amide and its derivatives are found in the urine normally 
) the extent of from 1 to 2 mg. together with 5 to 15 mg. of the physiologically 
ert trigenelline, a methylated derivative. Only 27 to 42 per cent of 2edmin- 
tered niacin amide is eliminated in urine (Sarett). On a normal average 
let, there is ordinarily excreted from 15 to 28 mg. of ascorbic acid in twenty- 
mur hours (Hawley). In an avitaminosis, as would be expected, the excretion 
F the particular vitamin involved is diminished. 


As mentioned previously, the sex hormones are secreted in the urine con- 
igated with glucuronic acid. A great deal of research has been done regarding 
le variation in the excretion of the individual ones normally and under various 
mnditions, but a consideration of this would be beyond the scope of this work. 
he urine of pregnant women contains a hormone, sometimes called the 
anterior-pituitary-like’’ substance (A. P. L.). This is secreted by the chorionic 
lls of the placenta. Urine containing this hormone, when injected into an im- 
ature female mouse, causes marked changes in the ovaries, and the procedure, 
10wn as the Aschheim-Zondek test, is used as a diagnostic test for pregnancy. 
modification, the Friedman test, employing adult female rabbits, is now more 
snerally used. 

The enzymes present in urine are small in amount and of little significance. 
-is unlikely that the enzymes of the blood are excreted in appreciable quantities. 

ose found in urine probably arise from the disintegration of leucocytes and 
ithelial cells which always occur in urine. An exception is diastase, which 
found in the urine in fairly high concentration in acute pancreatitis. 
other exception is urinary pepsinogen, which seems to vary directly with the 
eretion of gastric pepsin. (Janowitz and Hollander. ) 


PATHOLOGICAL CONSTITUENTS 


Glucose.—The term glycosuria is usually used for ‘‘glucose in the urine,”’ 
hough it really should mean ‘‘sugar in the urine,’’ and glucosuria is a more 
eurate word in this connection. The other kinds of glycosuria include pento- 
ria, lactosuria, galactosuria, and fructosuria. 
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More than a trace of glucose in a twenty-four hour specimen of urine i 
pathological. Easily detectable amounts may be found in specimens voided soor 
after a high carbohydrate intake, but this ‘alimentary glycosuria”’ seldom give: 
a positive Benedict’s test when the entire day’s output is pooled and analyzed 
In diabetes mellitus the urine is usually light colored, with a higher specifi 
gravity than the color would seem to warrant and a glucose content of from ¢ 
few tenths of a per cent up to 12 or 15 per cent. The severity of the condition 
cannot be gauged by the percentage alone, since this can be modified by varying 
the volume of fluid ingested. It is the actual number of grams excreted it 
twenty-four hours which is important. If the dietary carbohydrate and potentia 
carbohydrate is calculated and the amount of glucose excreted is subtracted fron 
it, the remainder will be the number of grams of glucose utilized. This give: 
the physician a basis for determining what diet to prescribe and whether or no 
insulin is necessary. The blood sugar must also be determined and taken inti 
account; this will be discussed later. Suffice it to say here that if there is : 
normal renal threshold, that is, if the blood sugar does not rise above about 16( 
mg. per 100 ml. before glucosuria results, the urinary output is a very goo¢ 
guide for treatment. In certain renal conditions—glomerulonephritis, nephro 
sclerosis, and nephrosis—glucosuria may oeceur. This seems to result from : 
lowered renal threshold and is thus probably not due to any derangement 
carbohydrate metabolism. 

Besides diabetes mellitus, glucosuria, as a result of high blood sugar, accom 
panies about a fourth to a third of cases of hyperthyroidism. Hyperpituitarisn 
and hyperadrenalism belong in the same category. Ether anesthesia, asphyxia 
acidosis, and a variety of other conditions also lead to hyperglycemia an¢ 
glucosuria. The explanation in each case, so far as it is known, is given it 
Chapter 22, in the discussion of hyperglycemias. 

Lactose.—Lactose may be found in the urine in a considerable proportior 
of lactating women. According to Trumper and Cantarow, lactosuria seldom 0e 
curs during normal pregnaney. Tlowever, glucosuria is present in from 10 to 1 
per cent of all normal pregnant women, with no accompanying hyperglycemia 
Since it usually disappears later, it is frequently assumed to be lactosuria. N 
such assumption is justified, and the urine should be analyzed carefully to de 
termine what sugar is present. Sometimes an early diabetes is not diagnosed be 
cause no differential analysis or blood sugar determination is made. [actos 
may easily be distinguished from glucose in that it is not fermented by baker’ 
yeast, gives a positive mucie acid test, yields lactosazone, and reacts nega 


tively with the modified Barfoed’s reagent. The amount of lactose eliminatec 
is usually small. 


Pentose.—An alimentary pentosuria, as a result of ingesting large amount 
of prunes, plums, cherries, grapes, or their Juices, is likely to be roped in norma 
individuals. Like alimentary glucosuria, it is temporary and has no significance 
The excretion of a pentose in the urine has been reported in cases of morphin 
addiction. However, the most interesting type of pentosuria is the chronic type 
This is an ‘‘inborn error of metabolism.’’? The individual is born with th 
condition and no cure is known for it. However, the utilization of other earbohy 
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rates is not impaired, and the only danger to the person having this derange- 
1ent is that it might be mistaken for diabetes mellitus. 


The urinary pentose, L-xyloketose, may be detected in urine by several 
1ethods. A rapid procedure is to add 0.5 ml. of benzidine in glacial acetic 
eid (1:25) to 0.1 ml. of urine. After heating to boiling, the test tube is cooled 
nd 1 ml. of distilled water added. A rose-pink color is positive for pentose 
Tauber). Lasker and Enklewitz have shown that L-xyloketose reduces Bene- 
ict’s qualitative reagent more rapidly than does glucose. If 1 ml. of urine and 

ml. of the reagent are mixed in a test tube and placed in a bath at 55° C., a 
ellow precipitate will appear in ten minutes in the presence of 0.1 per cent 
r more of the pentose. Fructose gives the same reaction since it also is a 
etose. These two can be easily distinguished from each other because fructose 
; fermented by yeast and forms a glucosazone with phenylhydrazine. 

Other Sugars.—Galactosuria has been observed in nursing infants suffer- 
ig from gastrointestinal disturbance. It is of little importance. Fructosuria 
; said to occur occasionally in association with glucose, in severe cases of diabetes 
iellitus. There is also a rare condition, known as ‘‘essential fructosuria’’ or 
levulosuria,’’ in which no other carbohydrate is involved. It may be regarded 
s another ‘‘inborn error of metabolism,’’ because individuals suffering from 
» have it from birth (Silver and Reiner). Insulin does not help the patient to 
tilize fructose. The site of the difficulty is believed to be the liver where 
ructose normally is stored as glycogen. Possibly there is a deficiency of a 
pecific enzyme needed for this conversion. No other symptoms are peculiar 
) this condition, which does not lead to diabetes mellitus or to any change in the 
tilization of other carbohydrates. The method of detecting fructose was men- 
ioned incidentally under pentosuria. Ribosuria has been observed in patients 
ith progressive muscular dystrophies, myotonia congenita, and amyotonia 
ongenita, but not with myasthenia gravis or progressive neuropathic atrophy. 
. provisional test for ribose is a positive Benedict qualitative test (in the 
bsence of other sugars) after forty-five minutes’ heating (Orr and Minot). 
_ seven-carbon sugar, p-mannoheptulose, appears in the urine of normal in- 
ividuals after eating large amounts of avocado. Although some of this sugar 
; utilized, enough is excreted to be a possible source of confusion in diagnosis. 

Fat.—Alimentary ‘‘lipuria’’ may be observed when a large amount of 
t has been ingested. Cod-liver oil in great quantity is an example. The urine 

opalescent, or turbid, or even milky when voided. After standing, a peculiar 
eamy layer is seen at the top in those rare instances in which the fat content 

the urine is high. The high blood fat (lipemia) which sometimes occurs In 
iabetes mellitus and lipoid nephrosis may lead to lipuria. The same results 

y be observed following fractures of the long bones with injury to the bone 

rrow, which is rich in fat, and any injuries to the subcutaneous layer of fat. 
ther conditions in which fatty urines may be seen are pyelitis, pyonephrosis, 
poid nephrosis, and in aleohol or phosphorus poisoning. 

‘‘Chyluria’’ is the term applied to the condition resulting from an obstrue- 
on to the thoracic duct. This is even more infrequent than lipuria. The 
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lymph vessels of the urinary tract become distended and burst, allowing lymph 
to pass directly into the urine. The appearance of the urine in chyluria is milky 


rather than opalescent. 

Proteins.—The amount of protein which is excreted in normal urine is in. 
significant. It probably consists of serum albumin and serum globulin from 
the blood, and nucleoprotein or mucin, or both, from the epithelial cells of the 
urinary tract. The amounts of the latter two are so small that their identity 
is in doubt. Normal urine does not give positive reactions with any of the 
ordinary protein tests. 

Abnormally, proteins appear in urine in varying amounts. The condition 
is commonly known as ‘‘albuminuria,’’ although the albumins seldom are found 
alone, and consequently the term ‘‘proteinuria,’’ which is being more and more 
generally employed, is to be preferred. The proteins, which are found in the 
urine in kidney conditions, are commonly believed to be plasma proteins which 
pass the damaged renal epithelium. The albumins, with the smallest molecules, 
pass most easily, globulins next, and fibrinogen least readily. However, some 
of the authorities are of the opinion that the plasma proteins undergo some 
slight change and, therefore, are, in a sense, foreign proteins. Since foreign 
proteins are promptly eliminated by the kidney, these are eliminated in the same 
way. 
Proteinurias may be grouped in two general classes: Functional and or- 
ganic. Functional proteinurias are those which are not related to a diseased or- 
gan. The amount of protein excreted is usually small, and the condition is ordi- 
narily temporary. Violent exercise is an example. Soldiers, after long marches, 
and athletes, after strenuous contests, frequently have proteinuria. Here 
there may be a slight kidney damage to account for it, but the condition 
almost always clears up. Cold bathing, leading to constriction of renal blood 
vessels and anoxia, is another cause, and occasionally an alimentary protein- 
uria occurs after excessive protein ingestion. In all of these, the subjects may be 
of any age, but usually they are children or adolescents. This is especially true 
of orthostatic, or postural proteinuria and similar states. In these young people, 
usually 14 to 18 years of age, the urine contains protein when they are in the up- 
right position only. When lying down it is free from protein. This is not an 
evidence of kidney disease but is probably due to some disturbance in the blood 
supply to the kidneys, leading to venous stasis and consequent anoxia. These be- 
nign proteinurias usually disappear within a few years, but sometimes they con- 
tinue into adult life. Proteinuria is frequently associated with pregnaney, 
probably as a result of pressure interfering with the return of blood in the renal 
veins. 

There are many pathologie conditions which cause ‘“‘organie’’ proteinuria. 
These may be classified conveniently as (a) prerenal, (b) postrenal, and (ce) 
renal. 

The prerenal conditions which cause proteinuria are those which are pri- | 
marily not related to the kidney. In most cases, however, they affect the kidney | 
in such a way as to render it more permeable to the protein molecule. For ° 
example, cardiac disease, by affecting the circulaiion of the kidney, leads to pro- 
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einuria. Any abdominal tumor, or mass of fluid in the abdomen, will do the 
ame by exerting pressure upon the renal veins. Fevers, convulsions, anemias 
nd other blood diseases, liver diseases, and many other pathologie states belong 
n this category. 

Postrenal proteinurias are sometimes called ‘‘false’’ proteinurias, all others 
eing ‘“‘true.’’ This is because they are those conditions in which the protein 
oes not pass through the kidneys. It may be some inflammatory, degenerative, 
r traumatic lesion of the pelvis of the kidney, the ureter, bladder, prostate, or 
rethra. Bleeding into this tract will, of course, contribute proteins. Urine 
ontaining pus will also contain protein, since the exudate which accompanies 
; is rich in protein. 

Proteinuria accompanies various types of kidney diseases. These are the 
renal’’ proteinurias. In acute glomerulonephritis, protein is always found 
1 the urine. In the chronic form of this disease proteinuria is seen in the early 
tages but may disappear later as the kidney becomes more and more impaired. 
n nephrosclerosis, albuminuria is frequently, but not always, found, and the 
ame is true of tuberculosis and carcinoma of the kidney. There are several 
ypes of nephrosis—conditions characterized by degenerative lesions of the 
enal parenchyma. Protein is almost always excreted in nephroses, varying from 
mall to large amounts. Lipoid nephrosis is a particular form of chronic 
idney disease in which lipid deposits occur in the tubules. It is, however, 
onsidered to be an affection of the glomerulus. In this disease, large quan- 
ities of albumin are lost in the urine, and since this is derived from the 
lood, the concentrations of the blood proteins, particularly serum albumin, 
all considerably. A number of investigators believe that lipoid nephrosis 
; merely a modified glomerulonephritis—not an entirely different condition. 
‘his view is supported by evidence that in some cases of definite chronic nephritis 
he character and quantity of proteins in the urine are the same as those found 
1 the urine of patients with nephrosis (Blackman). 

Polypeptides, the so-called ‘‘proteoses’’ and ‘‘peptones,’’ sometimes are ex- 
reted in the urine. This may happen in pneumonia, diphtheria, carcinoma, and 
ther conditions. This is because some protein-containing material, such as an 
xudate, or a tissue mass, or pus, is undergoing ‘‘autolysis’’; i.e., self-digestion. 
f any soluble products of proteolysis, which have molecules too large for direct 
tilization or deamination, get into the circulation, they are excreted as foreign 
odies. 

A peculiar protein is eliminated by some patients having multiple myeloma, 
tumorlike hyperplasia of the bone marrow, and also in some other diseases of 
e bone marrow, and sometimes in leucemia. This is the Bence-Jones protein. 

precipitates on warming the urine to 40 to 60° C., but dissolves almost com- 
letely when the temperature is raised to 100° C. Upon cooling, the protein 
recipitate reappears. It is believed to be a globulin of comparatively low 
olecular weight; i.e., about 37,000. An inereased protein diet does not seem 
be followed by a greater output of Bence-Jones protein. 

Nucleoproteins are found in the urine in inflammation of the urinary 

ithelia, such as pyelitis, cystitis, and even in nephritis, at times. Since these 
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proteins precipitate in the cold on addition of mineral acids, they have fre- 
quently been designated mucins, which have the same property. Mucins probably 
also occur in urine, but not as frequently as the nucleoproteins. 

Hematuria is the occurrence of blood in urine. This means whole blood, 
including erythrocytes, and is a result of hemorrhage. Hemoglobinuria refers 
to ihe excretion of hemoglobin and follows a hemoglobinemia. Excessive hemol- 
ysis precedes hemoglobinemia; that is, the red cells are laked by some hemolytic 
agent. Apparently hemoglobin, when it is in solution in the blood plasma, is 
treated by the body as a foreign substance and is excreted into the urine. How- 
ever, there is a renal threshold for hemoglobin. If the kidneys are normal] this is 
at a concentration of about 155 mg. per 100 ml. of blood plasma, but it may be 
lower when the kidneys are damaged. When the threshold is exceeded and 
hemoglobin is excreted into the urine, it may precipitate in the tubules if the 
urine is acid in reaction. Hence, in the treatment of hemoglobinuria, as, for 
example, following incompatible blood transfusions, the administration of alka- 
lies may prove to be helpful. In attempting to differentiate between hematuria 
and hemoglobinuria, it should be noted that the red cells may disintegrate, 
especially if the reaction is alkaline, and the hemoglobin dissolve out. 

Amino Acids.—Small amounts of amino acids, both free and combined, 
are excreted in the urine. Thompson and Abdulnabi found that normal adult 
women excrete more amino acids than men. The free amino acid amounts to 
about 1.4 mg. per kilogram for men, and 2.3 mg. per kilogram for women, and 
there is some evidence for the existence of individual patterns of amino acid 
excretion. That is a given person will tend to excrete more of one amino acid 
and less of another than a second person, et cetera. According to Childs, this 
sex difference does not hold for children, who excrete somewhat less than 
adults; infants and prematurely born babies excrete about four times as much 
per kilogram as do older children. Increased excretion of amino acids may 
occur pathologically. It is frequently observed in diseases affecting the paren- 
chyma of the liver, presumably because of the inability of the liver to de- 
aminate the amino acids. Thus, in acute yellow atrophy of the liver the amino- 
nitrogen level may rise to 40 mg. per 100 ml. However, even greater amounts 
have been found in the urine of a patient having no obvious liver damage. This 
was a case of hepatolenticular degeneration, a disease in which there is cerebral 
degeneration accompanied, or followed, by cirrhosis of the liver. Alanine, 
glutamic acid, and aspartic acid were identified (Uzman and Denny-Brown). 
The occurrence of cystine in the urine is discussed on pages 384 and 531. 

Ketone Bodies.—The ‘‘ketone bodies’’ are acetoacetic acid, beta-hydroxy-. 
butyrie acid, and acetone. It has been seen (Chapter 17) that the first two. 
are normal products of fatty acid disintegration. They are formed in the 
liver, and destroyed or utilized by the extrahepatic tissues. If these two 
activities balance, there will be no excess in the blood; i.e., no ‘‘ketonemia.”” 
If the formation by the liver is too rapid for the extrahepatic tissues to keep. 
pace with it, ketonemia will result, and ketonemia is followed by ketonuria.: 
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Acetone is generally believed to be a secondary product; that is, it results from 
he decomposition of acetoacetic acid. 


CH,:CO-CH,-COOH -> CH;-CO:CH, + CO, 
Acetoacetic acid Acetone 


Ordinarily a normal person on a mixed diet will excrete less than 0.1 Gm. 
f ketone bodies in twenty-four hours. In “‘ketosis,’’ as the condition of exces- 
ive ketone production is termed, values as high as 100 Gm. per day, or even 
igher, have been reported. Ketonuria may be expected to occur in the acidosis 
f diabetes mellitus, starvation, in normal and toxic pregnancies, after ether 
nesthesia, and often in alkalosis. It is therefore not necessarily a sign of 
cidosis, although the most severe ketoses, with marked ketonuria, are seen in 
evere cases of diabetes mellitus. Acetone and acetoacetic acid are easily detected 
y qualitative color tests. However, the common Gerhardt test for acetoacetic 
eid, which is the appearance of a bordeaux red color upon the addition of ferric 
hloride, may be masked if salicylates or certain other compounds are present. 
f this is suspected, a portion of the urine may be boiled and then tested. A 
ositive test before boiling, followed by a negative one after boiling, is definite 
vidence that the color was caused by acetoacetic acid. However, a positive test 
efore and after boiling leaves one in doubt as to whether acetoacetic acid is pres- 
nt or not in addition to the disturbing drug. In such an event the acetoacetic 
cid may be extracted from the urine and tested separately. Beta-hydroxybutyrie 
cid can best be detected by polariscopic examination. If glucose is also present, 
; must first be removed by fermentation. After clarification the fermented 
rine is examined in the polariscope, and if levorotation is observed, the presence 
f beta-hydroxybutyrice acid is indicated. Glycuronates are also levorotatory, 
ut they have reducing power, whereas beta-hydroxybutyric acid does not. 
Bile and Derivatives.—Both bile pigments, or their derivatives, and bile 
alts may be found in urine in pathologic states. If there is a stasis, or damming 
ack of bile, it will of necessity get into the blood and be excreted in the urine. 
soth the pigments and the salts are detectable, but only the former are tested 
or ordinarily. In obstructive jaundice, relatively large amounts of bile pig- 
vents may be found in the urine. In hemolytic and in toxic jaundice, on the 
ther hand, little or no bile pigment passes into the urine. The reason is that 
rystalloidal bilirubin can be readily exereted by the kidney if it is present 
the circulating blood, as it is in obstructive jaundice. <A colloidal complex 
formed by the combination of bilirubin with a plasma globulin (see page 
8) and is present in the blood in high concentration in hemolytic and toxie 
undice. The kidney cannot excrete it easily, since the kidney threshold for 
vis large molecule is relatively high. 
Urobilin, it will be remembered, is formed from bilirubin in the intestine by 
eterial action. Urobilinogen is a product of the reduction of urobilin; this 
also brought about by the intestinal flora. Urobilinogen may be absorbed 
om the gut and either be excreted by way of the bile after having been recon- 
rted into bilirubin, or be excreted by the kidneys. The presence of urobilinogen 
urine, therefore, is dependent upon the passage of bilirubin into the intestine. 
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Thus practically no urobilinogen will be found in the urine in obstructive 
jaundice, but in hemolytic and in toxic jaundice it occurs in appreciable quanti- 
ties. 


Urobilinogen may be detected by either Ehrlich’s or Schlesinger’s test. The former con- 
sists of adding to a few milliliters of urine a few erystals of para-dimethylamino- 
benzaldehyde and acidifying definitely with hydrochloric acid. In the presence of abnormal 
amounts of urobilinogen a cherry red color is seen. Normal urines give a negative test or a 
positive test only after heating. Watson has changed this into a quantitative procedure. 
Urobilin is first reduced to urobilinogen with ferrous hydroxide. The color is then developed 
with the Ehrlich reagent under definite conditions, and a colorimetric estimation is made, 
using a phenolsulfonphthalein standard for comparison, The Schlesinger test is performed 
as follows: to 10 ml. of urine is added a few drops of Lugol’s solution to transform uro- 
bilinogen to urobilin. An equal volume of a saturated alcoholic solution of zine acetate 
or zine chloride is then added. The presence of urobilin is evidenced by a greenish fluores- 
cence. This is best seen if the tube is placed in direct sunlight with a black background. 
If bile pigments are also present they should be removed first by adding about one-fifth of a 
volume of 10 per cent calcium chloride solution and filtering off the precipitated calcium- 
pigment compound. 


Urinary Calculi—tThe less soluble constituents of the urine sometimes 
precipitate out in the urinary tract. They may form minute particles or 
masses and be passed readily, or they may become larger aggregates, varying 
size from ‘‘sand’’ or ‘‘gravel’’ to good-sized ‘‘stones.’? The substances of 
which they are composed are the same as those which may form sediments in 
the urine on standing; namely, uric acid and urates, calcium oxalate, calcium 
phosphate, calcium carbonate, and, very rarely, cystine, xanthine, and others. 

These substances are ordinarily held in solution at body temperature in 
urine. Undoubtedly some of them are in a supersaturated state and it is prob- 
able that they are kept in solution because certain urinary colloids exert a 
‘“protective colloidal action.’’ The colloids may be the urinary pigments, the 
traces of proteins, or other undetermined compounds. It is assumed that the 
erystalloids become insoluble either because of a change in the quantitative 
relationships (i.e., there is not enough protective colloid available) or because of 
a change in the degree of dispersion of the protective colloid. It is certain that 
the hydrogen ion concentration of the urine also plays a role. Ca,(PO,)., for 
example, is far less soluble in neutral urine than in acid, and is still less soluble 
at pH 8.0. Infection and diet may easily tend to change the pH of urine, and 
stasis may also be a factor in promoting the precipitation of salts. Certain 
other factors have been suggested as contributing to the formation of urinary 
ealeuli. Among them are hyperparathyroidism, hypervitaminosis D, and 
avitaminosis A. Kidney stones are quite prevalent in tropical countries, hence 
the suggestion that the overproduction of vitamin D by sunlight is a causative: 
factor. The effect of high vitamin D producing a calcium imbalance coupled 
with a possible low vitamin A intake might induce the formation of calcium! 
stones. An avitaminosis A has sometimes produced bladder stones in animals. 
Urinary calculi are often associated with hyperparathyroidism, which results in| 
a removal of calcium salts from bone, with a rise in blood calcium and urinary) 
calcium. However, many types of urinary ealeuli contain no ealeium. | 


URINE 531 


Uric acid and urate calculi are the most common of the bladder stones. They 
re always colored, being yellow to reddish-brown, and usually, but not al- 
ays, have a smooth surface. The nuclei, or centers, of urinary concretions of 
her types are often composed of uric acid or urates. 


Calcium oxalate stones are perhaps the next in frequency among bladder 
ones. They are dark brown to black, exceedingly hard, and usually rough, 
articularly the larger ones. This roughness is due to the protrusion of the 
arp octahedral erystals. These are called the ‘‘mulberry’’ calculi. A small 
pe is termed the ‘‘hempseed’’ calculus and may have a smooth surface. The 
ajority of stones found in the kidney at operation are either oxalate or phos- 
1ate coneretions. 


Phosphate calculi are white to gray in color, usually rough, but sometimes 
nooth. They are more easily crushed than the first two types mentioned. 
hey may be composed of mixtures of calcium phosphate, magnesium phosphate, 
id ammonium-magnesium phosphate in various proportions. Often urates 
id oxalates are also present. Calcium carbonate stones are less common in 
an than in herbivorous animals. They are rather small, white or gray, 
100th spherical stones. 

Cystine calculi may occur in cases of eystinuria. They are white, yellow, 
» greenish yellow, and rather soft. They are very rare. Even rarer are 
nthine ealeuli. These, however, are harder than cystine stones and are brown 
red in color. 


INBORN ERRORS OF METABOLISM 


A condition of deranged metabolism which exists at birth and persists 
roughout life is known as an “‘inborn error of metabolism.’’ In many in- 
ances the abnormality is a hereditary condition. The individual is unable 
ther to utilize a certain type of nutrient or to produce from the ordinary 
odstuff a particular physiologically important substance. Some of these 
ve been discussed previously. They will be briefly summarized here. 

Albinism is the inability to manufacture melanins, which are the dark 
gments ordinarily deposited in the hair and skin. The condition is found 
man as well as in other mammals. 

Aleaptonuria is a disturbance in the intermediary metabolism of phenyl- 
nine and tyrosine. Homogentisie acid is excreted in the urine. Upon ex- 
sure to the oxygen of the air this becomes very dark. Frequently ‘‘ochrono- 
> ond arthritis occur as the patient matures. Ochronosis is a blackening 
the cartilages of the individual. Aleaptonuria is a rather rare condition. 

Cystinuria occurs in various degrees of severity. ‘‘Tight’’ cases are not 
common but the very severe condition is quite rarely seen. Cystine itself, 
en fed to evstinurics, is metabolized apparently normally, but cysteine and 
thionine are excreted as cystine. Persons suffering from cystinuria are 
ely to have cystine caleuli, which sometimes must be removed surgically 


m the kidneys. 


: 


Fructosuria is a very unusual state. Free or combined fructose of the diet is 
not converted into glycogen but is excreted. It seems to produce no harmful 
effects. 

Pentosuria is another condition in which a sugar is excreted. Here thie 
sugar is L-xyloketose. The amount excreted seems to bear no relation to the diet, 
and again we have an apparently harmless abnormality. 

Hemophilia may also be included in the list of inborn errors of metabolism, 
since here one or more of the clotting factors either is insufficient in amount or 
does not possess the property required for normal clotting. | 

Porphyrinuria is a disturbance in the metabolism of heme. A porphyrin 
is excreted in the urine, giving it a red color. 

Tyrosinosis is an exceedingly rare anomaly in which the aromatic amino 
acids are eliminated as tyrosine or hydroxyphenylpyruvic acid. 
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Chapter 20 


THE CHEMISTRY OF RESPIRATION AND 
ACID-BASE BALANCE 


Respiration is that physiological function which involves the exchange of 
gases between the body and the air. In the lungs oxygen passes from the air 
into the blood and carbon dioxide from the blood into the air. These are the 
two ends of the process, but in between these ends there occur many phenomena 
which are surprising in character. They include physical, chemical, and 
‘‘nervous’’ changes. It is often difficult to set forth the stages in consecutive 
fashion, because the reactions are intricate, are closely interrelated, and are 
occurring simultaneously. 

After the blood receives oxygen from the air it carries it to the tissues, where 
the oxygen is utilized in metabolic processes. The end products include inorganie 
and organic acids—H.CO;, H.PO,, H.SO,, urie acid, lactic acid and others. The 
acids are largely neutralized by bases in the blood and tissue fluids, chiefly 
NaHCoO,, and thereby salts and CO, are formed. Most of the salts and acids 
are excreted by the kidney and almost all of the CO, by the lungs. The mech- 
anisms of the processes will be discussed in this chapter. 


FLOW OF RESPIRATORY GASES 


At this point it is pertinent to suggest that the gas laws be reviewed 
(Chapter 2). It follows from these laws that a given gas will tend to flow from 
a high partial pressure, or ‘‘tension,’’ to a lower one, regardless of whether the 
gas is in gaseous form or is dissolved as a gas in a fluid. First, the composition 
of the gases present in inspired and expired air, and in the air present in the 
alveoli, will be considered. (Table XL.) 


TWABIR eX 1a 


AVERAGE COMPOSITION ON DRY RESPIRATORY AIR REDUCED TO STANDARD TEMPERATURE 
AND PRESSURE 
See 


OXYGEN CARBON DIOXIDE N,, ARGON, ETC. 


— (PER CENT) (PER CENT) (PER CENT) 

nspired air 20.94 

Expired air 16.3 rae it 
Alveolar air 14.2 5.5 80.3 


The oxygen tensions (or partial pressures of oxygen) of these mixtures of 
gases are found by multiplying the total pressure by the percentage of oxygen 
in each case. Consequently the partial pressure of oxygen in inspired or atmos- 
pheric air is 20.9 per cent of the total pressure; that is, 159 mm. of Hg if the 
total pressure is assumed to be 760 mm. of Hg. Similarly the partial pressure of | 
the oxygen in expired air would be 124 mm. Hg, and of alveolar air, 108 mm. 
Hg: It is evident that the direction of the flow of oxygen is toward the alveoli. 
Why do the alveoli have less oxygen than inspired air? Obviously because | 
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xygen must have been removed in the lungs and the reason for this is that the 
enous blood which is brought to the lungs has a low oxygen tension, namely, 
nly 40 or 50 mm. Hg. This blood circulates through the capillaries of the lungs 


t astonishing speed. The combined thickness of the respiratory epithelium and 
apillary wall, which separates the blood from the air, is not over 0.004 mm. 


ivery corpuscle is thus brought almost into actual contact with the alveolar air 
nd conditions are excellent for rapid diffusion of gases. There is the added 
actor of the peculiar affinity of hemoglobin for gases. Consequently oxygen 
lows from the partial pressure of 108 mm. in the alveoli toward the 40 to 50 mm. 
n the venous blood, building it up in a flash to about 100 mm., the partial 
ressure of oxygen in arterial blood, the state in which it leaves the lungs. 

Arterial blood, loaded with oxygen, at a partial pressure of about 100 mm., is 
arried to the muscles, spleen, heart, and other tissues. There, in the capillaries, 
t is separated from the tissue fluids by thin capillary walls and from the cells by 
heir thin walls. There is reason to believe that the partial pressures of oxygen 
f tissue fluids are as low as 20 to 50 mm. and those of the cell contents about the 
ame or less. Hence, the oxygen by physical forces alone would tend to flow out 
rom the blood into the tissues. There are, however, other factors which lead in 
he same direction, factors which serve to dissociate oxyhemoglobin and to com- 
ine with the oxygen. As a result the blood comes out of the tissue capillaries 
nd into the veins depleted of much of its oxygen, with a partial pressure of 
0 to 50 mm. and goes back to the lungs for more Os. 

To summarize the flow of oxygen in relation to partial pressures: Oxygen in 
tmospheric air (159 mm.) flows toward alveolar air (108 mm.) and diffuses 
nto venous blood (50 mm.). This is rapidly built up with the aid of hemo- 
lobin to arterial blood (100 mm.), which gives oxygen to the tissues (50 mm.), 
coming venous blood of about the same partial pressure (50 mm.), and thence 
ack to the alveoli of the lungs. 

Since CO, forms H,CO, with water and reacts chemically with bases, the 
listribution of this gas is not entirely a physical matter. However, the direction 
f flow is also from higher to lower pressures as can be seen from the following 
igures. In venous blood the partial pressure is 46 mm. Hg and in the alveolar 
ir it is 40 mm. Therefore, the tendency is to pass from the venous blood into 
he alveoli, to the expired air (20 mm.), to the atmospheric air (0.30 mm.). 
After the venous blood has lost CO,, the partial pressure is down to 40 mm., at 

hich level it goes to the tissues. Here the CO, is high, with estimated partial 
ressures of 50 to 70 mm. Consequently CO, flows into the arterial blood as it 
ourses through the capillaries, bringing its CO, up from 40 to about 46 at the 
me time that its oxygen is going down. The venous blood now passes to the 


ngs again to unload CO,. 


THE CARRIAGE OF OXYGEN 


If arterial whole blood is analyzed for its content of oxygen, it will be 
ound to contain from 18 to 20 volumes per cent, when corrected to 0° C. and 
60 mm. Hg. If the plasma is analyzed apart from whole blood, its oxygen con- 
nt is about 0.3 volumes per cent; that is, 100 ml. of whole blood earries from 
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18 to 20 ml. of oxygen, whereas if it contained no corpuscles it could carry only 
0.3 ml. The oxygen-carrying capacity of whole blood is therefore sixty or more 
times greater than plasma because of the presence of the erythrocytes with their 
hemoglobin. If blood contained no hemoglobin, Barcroft says, we would have to 
have over 150 kg. of plasma in our blood system. That is, the vascular system 
alone would amount to more than twice the weight of the body, and the organism 
would be unable to cope with the weight of its own blood. This indicates what 
a remarkable substance hemoglobin is. This power of combining with oxygen 
and of releasing it is not the only role played by this ferro-protein, but it is the 
most important. The percentage of saturation with oxygen varies with several 
factors and is shown in ‘‘dissociation curves,’’ since this is a reversible reaction: 


Hb + OQ =& HbO, 


Reduced Oxyhemoglobin 
hemoglobin 


A series of such curves is illustrated in Fig. 72. These show the influence of 
different CO, pressures in the dissociation of oxyhemoglobin of human blood. 


100 
Percentage 
saturation 
with oxygen 90 


80 
70 
60 
50 
40 
30 


20 


Oxygen 
pressure 
mm. mercury 








16) 10 ZO 30 40 50 60 70 ~=680 90 100 
Fig. 72.—Dissociation curves of human blood exposed to 0, 3, 20, 40, and 90 mm. COz 


Ordinate, percentage saturation with oxygen; abscissa, oxygen pressure. (From Barcroft, 


Joseph, in Bard, P.: : i % : C 
Ay ty nein Sold MacLeod’s Physiology in Modern Medicine, ed. 9, St. Louis, 1941, The 


Thus, if curve O is followed from right to left, when no CO, is present, the blood 
it is fully saturated with oxygen at 100 mm. O, pressure; at 40 mm. 0. pressure 
is about 96 per cent saturated; at 20 mm. O, pressure it is 83 per cent sat- 
urated; and at 0 mm. O, pressure it contains no oxygen. In other words 
as the O, tension increases, the above reaction proceeds to the right and 
more oxyhemoglobin is formed, as in the lungs. When the oxygen tension de- 
Raphi ep the tissues, the reaction goes toward the left and more oxygen iS 
berated. It is seen that as the CO, tension, or parti is i 
dissociation curves are shifted to the right. This epee pert , rf 
present, the hemoglobin can hold less O,. Comparing the same curve (curve 
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vith no CO, and the one at 40 mm. CO, (curve 40), it is seen that at 100 mm 
), pressure both are practically completely saturated with oxygen. That is we 
lemoglobin is almost all present as oxyhemoglobin. At 90 mm. O on 
vhich is the pressure in the arteries, they are still nearly the same, is curve 0 
eing about 99 per cent and curve 40 being about 95 per cent saturated. At 
(0 mm. O, pressure (the O, pressure of venous blood), the 0 curve still shows 
bout 95 per cent saturation while curve 40 is down to 72 per cent saturation. 
That is, the presence of 40 mm. CO, has caused the oxyhemoglobin to dissociate 
3 per cent of its oxygen. Arterial blood has an approximate CO, tension of 40 
nm. and venous blood about 46 mm., as stated. The high venous CO, pressures 
f the tissues (50 to 70 mm.) would cause the oxyhemoglobin to dissociate still 
nore easily. Other acids have similar effects. It is thus evident that the effect 
f CO, pressure is just the opposite to O, pressure and both have a desirable 
physiological effect. In the tissues with low oxygen and high CO, tensions 
xyhemoglobin dissociates more readily and oxygen is available for tissue needs. 
n the alveoli, the oxygen tension of the air is high and there is no difficulty in 
orming oxyhemoglobin despite the high CO, pressure (see tops of all curves). 


THE CARRIAGE OF CARBON DIOXIDE 


As has been seen, carbon dioxide tends to flow from the tissues to the 
enous blood and from the venous blood in the lungs into the alveoli. But the 
arriage of CO, and its elimination in the expired air is not entirely a question 
f pressure. In fact, this is one of the least important factors. Of the 50 to 60 
‘olumes of CO, per 100 ml. of blood, only 2 to 3 ml., or about 5 per cent, are 
n solution and exerting a tension. This is often written in the hydrated form, 
1,CO;, although over 99 per cent of dissolved CO, is not hydrated. If all of 
t were in solution in an aqueous medium, the pH would be about 4.0, which 
s far on the acid side and would mean death to the tissues. Since the pH of 
he plasma varies only from pH 7.3 to pH 7.5 normally (and but little more ab-, 
ormally), it is evident that the major part of the CO, must be in combined 
orm. Most of it—over 90 per cent—is in the form of bicarbonate, some in 
he red cells, and some in the plasma and tissue fluids. Only about one-half 
f one per cent is present as carbonate. Another fraction, about 3 or 4 per 
ent, is present as carbamino compounds, formed with proteins, the free amino 
roups of which react with CO. 


Prot-NH, + CO, = Prot-NH-COOH 


y far the major portion of this fraction is in the red cells, because hemoglobin 
the most abundant protein in blood. The resulting carbamino compound of 
emoglohin is often called earbaminohemoglobin. 
HbNH, + CO, = HbNH-COOH 


Hemoglobin Carbaminohemoglobin 


he direction of this reaction is determined almost entirely by the proportion 
oxyhemoglobin present in blood and not by the level of the CO, tension. 
xyhemoglobin is a more acid substance than reduced hemoglobin. When more 


a4 
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oxyhemoglobin is present, the reaction goes to the left; i.e., more CO, is released; 
and on the venous side, when hemoglobin is in the less-oxygenated, less-acid 
state, more CO, is combined. Hence the blood can carry more CO, as carbamino 
hemoglobin on the venous side. At the instant of oxygenation in the lungs, the 
more acid oxyhemoglobin forces the carbaminohemoglobin to unload some of its 
CO, into the alveoli. This, however, is only a small part of the CO, story. 


The Chloride Shift 


A few factors which play important roles must be mentioned first. Al 
though we know that the reaction 


H,O + co, — H,CO, 


takes place readily in both directions, the rapidity with which this oceurs in the 
body in certain locations has led biochemists to wonder whether it was not 
catalyzed by some enzyme. A few years ago this was found to be so. Meldrum 
and Roughton discovered that an enzyme, which catalyzes the above reaction, is 
present in high concentration in red cells. Thus carbonic acid can be formed 
with extreme speed and it can be decomposed equally rapidly by the same 
enzyme under appropriate conditions. Another factor is the permeability of 
the red cell. It is impermeable to hemoglobin and to the plasma proteins, and 
is permeable to water, CO,, bicarbonate, chloride, hydroxyl, sodium, potassium, 
and hydrogen ions (Sheppard). Most of the sodium ions are in the plasma 
and most of the potassium ions are in the cells. In the red cells a great deal 
of the hemoglobin is combined with potassium, the amount fluctuating in dif 
ferent parts of the cycle. With these facts in mind let us follow the courses 
of O, and CO,, into and out of the erythrocytes, and through the various parts 
of the respiratory ecyele. 


I. In the lungs: 


(1) Oxygen enters the erythrocyte due to the higher pressure of oxygen in 
the lungs. Reduced hemoglobin becomes oxyhemoglobin as shown in (a) and 
(b). 


(a) K*HCO, + .HHb es H:;CO, + K+tHb- 


[+o | +0. 


(b) K*HCO, + HHbO, 7—— H,CO, + K*+HbO, 


As oxyhemoglobin (HHbO.) is a stronger acid than reduced hemoglobin 
(Hb), the equilibrium point is now shifted toward the right, converting 
bicarbonate (I1CO,-) to earbonie acid (H.CO;). Thus an inereased proportion | 
of potassium ions becomes paired with oxyhemoglobin, The increase in acid | 
Strength of hemoglobin on oxygenation (or the reverse on deoxygenation), 
without change in blood pH, is called the isohydrie change. 

(2) The decrease in bicarbonate (IICO;-) concentration in the erythrocyte | 
leads to diffusion of bicarbonate from the plasma, where its concentration is } 
higher, into the erythrocyte. 

| (3) To preserve electroneutrality, i.e., the equality in the number of 
positive and negative charges, some negative ion must leave the erythrocyte 
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or each HCO; ion entering it. Since the cell is permeable to Cl-, which is 
resent in sufficient amount, chloride ions diffuse out of the red cell. The 
tal B* (ie., K* and Na*) content of the erythrocyte remains essentially con- 
ant. 

(4) The H,CO; formed in (b) quickly decomposes, in the presence of the 
arbonie anhydrase of the erythrocyte, to carbon dioxide and water thus: 

C-A 
(cy HiGO; <-> 98,0. + CO, 


(5) The low CO, pressure in the lungs, compared with that of the blood 
rriving in the lungs, favors the escape of CO, from the erythrocyte and 
lasma into the lungs, thereby shifting (c) and consequently (b) and (a) to the 
ght. (As there are fewer osmotically active particles in the erythrocyte 
[ter CO. escapes, some water leaves the erythrocyte. ) 


[. In the tissues: 


(1) Because of the low oxygen pressure of the tissues, as compared with 
iat of the lungs, the oxyhemoglobin of the erythrocyte gives up oxygen to 
1e tissue fluids and becomes reduced hemoglobin, as shown in (d) and (e). 


(henCOee Hhb <= -H,CO,+) K*Ab 


- O, - O, 


(e) K*HCO, + HHbO, [~~ H,CO, + K*HbO, 


educed hemoglobin (HHb) is a weaker acid’ than oxyhemoglobin; conse- 
uently the equilibrium is shifted toward the left in (d), converting carbonic 
sid to bicarbonate. As a result, an increased proportion of potassium ions 
ow becomes paired with bicarbonate. 

(2) Now the increase in HCO; concentration in the erythrocytes leads to 
iffusion of these ions from the erythrocytes into the plasma. 

(3) Again a shift of the chloride ions in exchange for the bicarbonate ions 
scurs, but this time a Cl- must enter the cell for each HCO; which leaves it. 
he total B+ content of the red blood cell continues to remain essentially un- 
ranged. 

(4) CO, diffuses from the tissues, where it is being formed in oxidative 

ocesses, into the plasma and then into the erythrocyte. Here in the presence 
carbonie anhydrase some H,CO, is formed, shifting the equilibrium toward 


e left: 
C-A 
Cy HOO, sie: +, 00, 

(Note: The equilibrium constant of (f) favors the existence of much more 
O, than H,CO, at equilibrium. Carbonic anhydrase hastens the attainment 
equilibrium and the formation of some H.CO;, as CO, enters the erythro- 
te.) 
(5) The shifting of reaction (f) toward the left results in (d) and (e) 
o shifting toward the left. (As there are more osmotically active particles 
the erythrocyte after CO, enters it, some water now enters the red cell.) 
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Each phase of this cycle takes place with great rapidity. It is therefore 
necessary that a catalyst such as carbonic anhydrase be present and that condi- 
tions be optimum for rapid diffusion of gases. The extremely thin membranes, 
the small bore of the capillaries, allowing in parts of the system for only a single 
erythrocyte to pass through at a time, the temperature, all contribute to this end, 
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Fig. 73.—Diagrammatic representation of the chloride shift. 


Mhia a ia |x 4 1 
[his phenomenon is known as the Hamburger phenomenon or ‘‘ehloride shift” | 
and is summarized diagrammatically in Vig. 73. Here C-A refers to carbonic | 
P = “s “4 p 1 z ~ - = . . . . 
anhy drase. HCO; (or CO. gas) and Cl always move in a direction opposite : 
to HCO,> in the Hamburger shift. 
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The inereased acid strength of hemoglobin on oxygenation acts as though 
id had been added to the red cell, liberating CO,. Conversely, in the tissue 
pillaries, deoxygenation decreases the acid strength of hemoglobin, which, 
erefore, accepts H+ ions from the H.CO, entering the red cell. This allows 
ost of the CO, (or H,CO;) from the tissues to be carried in the blood as bi- 
rbonate, B*HCO,-. The chloride-bicarbonate shift subsequently permits 
out 60 per cent of the CO, from the tissues to be carried to the lungs as bi- 
bonate in the plasma. Venous blood has 4 to 10 per cent more ‘‘total CO.’’ 
an arterial, ie., 2 to 5 more ‘‘volumes per cent,’’ or 1 to 2 mM. more per 
er. About three-fourths of this extra CO. in venous blood is carried as 
‘HCO;.. Twice as much B* for B*HCO,- formation arises from the isohydrie 
ange of hemoglobin as is available from the ordinary buffering action of 
moglobin and plasma proteins on the invading CO, (H.CO,;). The former 
es not change the pH of the plasma, while the latter lowers it slightly. The 
maining one-fourth of the extra CO, is carried as carbaminohemoglobin and 
; physically dissolved CO, gas. The pH of venous plasma is 0.02 to 0.04 unit 
wer than that of arterial plasma, but venous plasma has about 1 or 2 mM. 
ore of B*HCO,> per liter than arterial plasma. 

Hemoglobin is the most important buffer against any pH change that 
ould result from CO, entering the blood, mainly because the isohydric change 
oxyhemoglobin to hemoglobin results in the conversion of most of the in- 
iding CO, to HCO,-. 

Chemical Regulation of Respiratory Movements.—The control of respira- 
ry movements is considered in detail in textbooks of physiology and only a 
w words will be devoted to it here. There is some degree of voluntary control, 
it the regulation is chiefly involuntary and depends upon afferent impulses to 
e respiratory center, which thereupon sends its impulses to the various muscles 
volved. Chemical influences have much to do with some of these mechanisms. 
<cess of CO. (H.CO;) in the blood stimulates the center directly, and, since 
ced acids have the same effect, presumably it is due to a slight increase in 
‘drogen ion concentration (or decrease in the hydroxyl and carbonate ions) 
the site of the center. Increases in CO. of the inspired air raise the rate 
1d depth of respiration and the result is a remarkable constancy in the 
reentage of CO, in the alveolar air (about 5.5 per cent). Air or oxygen 
ven for resuscitation should contain about 5 per cent CO, to stimulate the 
piratory center. Lack of oxygen has little effect unless it is very great. In 
at case respiration is increased, owing to responses of the carotid and aortic 
dies, acting as emergency mechanisms. 


Boyer and Bailey have shown that under basal conditions, that is, when the 
ject is at mental and physical rest, the concentration of the CO, of the expired air 


lected over a period of from five to twenty-five minutes) is constant for normal subjects. 
range in a large number of determinations was found to be from 18.0 to 22.5 mm., and 
average partial pressure of about 20.0 mm. is an acceptable clinical standard for both sexes 
for all ages. 
Low concentrations of CO, in the expired air, indicating respiratory stimulation, would 
expected in subjects with circulatory failure, acidosis, severe anemia, and certain forms 
High concentrations would be expected in alkalosis and in depression 


pulmonary disease. ee 
ministration. In cardiac 


the respiratory center, as occurs after morphine or barbiturate ad 
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patients a definite relationship between degree of cardiac failure and CO, concentration in 
the expired air was found. Those with slight limitation of physical activity had an average 
CO, of 18.55 mm., those with marked limitation of physical activity had an average of 15.81 
mm., while those who were unable to carry on any physical activity whatever without dig- 
comfort averaged 13.44 mm. 


Physiological Oxidations.—It has been seen that hemoglobin combines 
with oxygen during the brief moment that the red cell spends in the capillaries 
of the lungs. About 95 per cent of the hemoglobin is united with oxygen when 
the arterial blood speeds to the tissues. In the tissue capillaries, because of the 
high CO, tension and the low O, tension, the dissociation of oxyhemoglobin is 
accelerated and oxygen flows into the plasma, diffuses through the walls of the 
capillaries into the tissue fluids and into the cells themselves. In and around 
the cells there occur those vital reactions whereby the digested and in some 
eases partly resynthesized food products, as well as fragments of protoplasm, 
are oxidized. In these processes energy is released and CO, and H,O. formed 
as final products of some of these reactions (see Chapter 14). 

Carbon Dioxide Utilization in Animal Tissues.—In the past it was com- 
monly aecepted that only plants utilize CO, in photosynthetic and other proe- 
esses; but that in animals CO, is produced in the course of metabolism, is not 
utilized at all, and is excreted as an end product. In recent years this idea has 
had to be modified in view of the increasing evidence that CO. can enter into 
synthetic reactions in the animal body. The incorporation of the carbon of so- 
dium bicarbonate into glycogen has already been mentioned (page 417). A num- 
ber of other reactions have been demonstrated, usually with the aid of iso- 
topically tagged compounds. (Wood.) FEvans and associates have shown that 
CO, can be fixed by pigeon liver, by addition to pyruvie or fumarie acid. The 
product is oxaloacetie acid. 


C"O, + CH;-CO-‘COOH = C*OOH-CH,-CO-COOH 


The enzyme which catalyzes this reaction is oxaloacetate-8-carboxylase, 
and ATP is a coenzyme for the reaction. (Utter and Wood.) <A similar re 
versible reaction by aid of a specifie enzyme occurring in heart muscle, and also 
in liver, converts a-ketoglutarie acid to oxalosuccinie acid. (Ochoa and Weisz- 
Tabori. ) 

COOH-CH,-CH,-CO‘COOH + CO, = COOH-CH,:CH-CO-COOH 


-Ketoglutari id 
a glutaric acic COOH 


Oxalosuccinie acid 


In bacterial metabolism many other CO, fixations have been found to oceur and 
these presage the discovery of similar enzyme systems in mammalian tissues. 


ACID-BASE BALANCE 


. The carbon dioxide arising from the oxidation of metabolites is, as Was’ 
Just stated, fixed to some extent, but it is chiefly an exeretory product. When 
converted into carbonic acid by union with water, it exerts a definite acid 
action. Other acids may come from the ash of foods. Therefore, much of the: 
material in the chapter Mineral Metabolism and Water Balance f interrelated 
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ith the present subject. Basic factors, too, come from foods and both acids 
1d bases are thrown into the blood stream—usually more strong acid than 
rong base but sometimes the reverse. And yet the blood remains at the 
markably constant level of pH 7.3 to 7.5 at all times during health. For 
e accomplishment of this, the body has four ‘‘lines of defense’: (1) the 
uffer systems of the blood, tissue fluids, and cells, as well as minerals of bones, 
:) the excretion or retention of CO, by the lungs, (3) the excretion of an 
id or alkaline urine, and (4) the formation and excretion of ammonia or 
ganic acids. Thus the body’s internal environment is maintained at a rather 
mstant hydrogen ion concentration. This enables the various enzyme systems 
) operate under proper conditions, particularly in relation to each other. 


The Buffer Systems of the Blood 


In Chapter 2 it was shown that the hydrogen ion concentration of a solution 
-a weak acid, HA, and its salt, BtA-, is 
[HA] 
[BtA™] 
here K is the dissociation constant, and [H*], [HA], and [BtA-] or [A-] the 
meentrations of hydrogen ions, of the acid, and of the salt, respectively. The 
rdrogen ion concentration of such a buffer pair will remain constant if the 
tio of the numerator to the denominator remains constant. Slight additions of 
id or base to buffers (or subtractions of either) have very little effect for 
asons outlined previously, but large changes will, of course, make a decided 
fference. These relationships should be kept in mind. 

In logarithmic form, the relationship is: 


[#4] = K 


*: | B*A" | 
pH = pK’ + log uivGp 


or H.COz;, pK’ is 6.1; for BtH.PO,-, pK’ is 6.8. Therefore, to keep pH at 7.4, 
e ratios of these acids to their salts must be kept constant. Substituting in 
e Henderson-Hasselbaleh equation : 


BHCO, 
For HGO;; 7.4 a 6.1 =< log “H.CO, 


BHCO, 
On ou log HCO, 


since antilog of 1.8 = 20 

BtHCO, 20 

HEC Osh aa 

Be cPOe ae 

Similarly, for B*H,PO,, BnLPO] > 1 (at pH. 7.4). 





(at pH 7.4) 





The buffers of the blood comprise : 











H,CO, Na*H,PO, HProtein 
~ Na*HCO, _ Na,**HPO,- Na‘ Protein” (Plasma) 
HCO, HHb HHbO, K*H,PO, (Red cells) 


K HCO, KtHb- K*HbO,-. K,** HPO; 


544 HUMAN BIOCHEMISTRY 


The buffer pairs in the first line are chiefly or wholly in plasma and extracellular 
fluids and those of the second are chiefly or wholly in the red cells. (The sodium 
and potassium are not confined exclusively to the plasma or red cells, respee 
tively. In the blood, of course, these buffers are all in equilibrium with each 


other. Therefore the estimation of any one buffer pair would be an index of 
acid-base equilibrium. Of all the pairs enumerated the petaco is the most 
3 
important, insofar as action against fixed, i.e., nonvolatile, acids is concerned, 
The phosphate pair, although more efficient as a buffer, is actually less effective, 
because of its low concentration in plasma. Plasma proteins play a greater 
buffering role than phosphates, but much less than hemoglobin. The bicar- 
bonates neutralize more than 50 per cent of all acids stronger than H,CO. 
Finally, in such neutralization CO, is again formed and is readily eliminated 
as a gas by the lungs. (AII salts, strong acids, and strong bases are virtually 
completely ionized. Thus KHbO, is K*HbO.-, HCl is H*Cl-, and NaOH is 
Na*OH-.) An increase in [H*] or [H.CO;] stimulates the respiratory centers 
to increase the rate and depth of respiratory ventilation. Similarly, an in- 
crease of [OH-] or [CO,=] depresses respiratory ventilation. The lungs thus 
play a leading role in the minute-to-minute regulation of the pH of the blood 
and extracellular fluids. 


Examples of acids which can alter the acid-base balance include sulfurie, 
phosphoric, uric, lactic, acetoacetic, and B-hydroxybutyriec acids. Their for- 
mation has been discussed in previous chapters. 


As acid enters the blood, one of the buffer reactions which occur is: 


2 Nat HCO; + H,**SO= > 2H.CO,; + Na,*+SO,- 


Here a strongly dissociated acid is transformed into the weakly dissociated 
acid H,CO,, thus changing the hydrogen ion concentration but little; ie. by 
only as much as H,CO, is dissociated. This slight increase in the ratio 
HCO, due to an increase in th i 

BIIGO,’ é é e numerator, can be rapidly brought down 
to normal because of the easy disposal of H.CO;, via the lungs. H,CO,; 1s 
over 99 per cent CO, gas. Thus any nonvolatile acid stronger than H.00; 
can be buffered by BHCO; as long as any bicarbonate is present. Conse- 
quently the plasma bicarbonate is a measure of the base remaining after 
all acids stronger than H.CO, have been neutralized. It represents the re- 
serve of alkali available for the neutralization of such strong acids. Hence it 
has been ealled the ‘‘alkali reserve’? by Van Slyke and Cullen. However, 
hemoglobinate plays an important role in buffering fixed acids, although 
not as great a one as bicarbonate. However, it is not directly measured when 
the ‘‘alkali reserve’? (CO,-combining power) is determined by the procedure 
described on page 549, but a decrease in plasma alkali reserve generally parallels 
a depletion of the reserve of buffering power represented by hemoglobinate. 
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Again it must be pointed out that the other buffers are in equilibrium with 
e bicarbonate pair and will react with acids (or bases), but to a lesser extent, 
cause of their lower concentrations. For example: 


Na-Protein + HCl = H-Protein + NaCl 


Na,HPO, + HCl = NaH.PO, + NaCl 
2 KHbO, + H,SO, = 2 HHbO, + K,SO, 
Na,CO, + H,CO, = 2 NaHCO, 

HHb + ROH == EHb + H,0 


| every case the strong acid or base is transformed into a weak one, and conse- 
rently the pH of the blood fluctuates very little. However, the acid formed 

largest amounts in the body is carbonic acid or its anhydride CO,, and this 
nnot be buffered by bicarbonates. It can be buffered by serum proteins and 
- phosphates: 


H.CO; .+ Na-Protein = NaHCO, “+ H Protein 
H,CO, + Na,HPO, — NaHCO7 +. NalsPo; 


Ith of these factors are of minor consequence. The most important buffer 
r carbonic acid is hemoglobin. Table XLI gives estimates of supplies of 
iffers in the various compartments of the body. 


TABLE XLI 


BUFFERS OF Bopy FLUIDS* 











STIMATED PER CENT BUFFERING 








OF INVADING FIXED ACID OR CHIEF BUFFERS LOCATION OF BUFFER 
ALKALI PRESENT DEPOT 
40 Partly BHCO, Tissue cells 
Partly unknown 
30 BHCO, Extracellular fluid except 
blood 
13 BHb and BHbO, Blood 
17 BHCO, 





*From Van Slyke, D. D., and Cullen, G. E.: The Bicarbonate Concentration of the Blood 
asma (Sein Significance, and Its Determination as a Measure of Acidosis, J. Biol. Chem. 30: 


The Role of the Kidney 


The kidney contributes to the maintenance of the ‘alkali reserve’’ and to 
constant blood pH by reabsorbing, secreting, and excreting acidic or basic 
bstances, as the case may be. Moreover, while the lung can help excrete 
id, it cannot restore the alkali reserve (BHCO,)—something the kidney can 

Although phosphates are present in only small concentrations in the blood, 
ey are concentrated by the kidney and are the principal buffers in urine as 
ereted. In acid urines, there is a relative excess of BH.PO,, and in alkaline 
ines, B,HPO,. There is also a considerable amount of BHCO, in alkaline 
ines—notably KHCO, from the metabolism of fruits and vegetables. Or- 
nic acids, H,CO;, and salts of organic bases contribute to some extent to 

urinary acidity. In quite a different way the kidney has another effect 
on acid-base balance. It is the site of the formation of ammonia which is 
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secreted, probably as NH,*HCO,-, by the kidney tubules. This results in th 
conservation and restoration of BtHCO,-, or alkali reserve, in the followin 
manner, If a strong acid, H*A-, has been thrown into the blood, resulting 
the replacement of some of the B*HCO,” by BtA-, then the following occu 


in the kidney to restore B*HCO,- of the blood. j 
BAS +° NHS HCOR= = YBa mg Ae 

Filtered Secreted Reabsorbed Excreted 
through in in tubule in urine 

glomeruli tubule 4 


. 
In acidosis the urinary ammonia rises considerably as a result of increased 
formation. It is evident that all the ammonia produced and excreted in this way 
takes the place of an equivalent amount of sodium, potassium, calcium, or 
magnesium, Thus it prevents the loss of sodium and other cations in the urine 
to a very appreciable extent and saves them in order that they may remain at 
a rather definite concentration in the tissue fluids, a condition quite essential 
to preserving the constancy of the internal environment. ) 


The mechanism of ammonia formation by the kidney has been discussed 
on page 374. The method whereby an acid urine is formed from a slightly 
alkaline blood plasma deserves some consideration. Urinary acidification is 
necessary to provide for the excretion of fixed acids and acid salts, and to 
restore alkali reserve. There are several current theories to account for the 
phenomenon of a glomerular filtrate of pH 7.4 being converted into a urime 
having a pH as low as 4.8. Some of these concepts are illustrated in Fig. 74 
and may be summarized as follows: According to the phosphate reabsorption 
theory the glomerular filtrate contains as its significant constituents NaH,PO, 
and NasHPO,. The dibasic phosphate is reabsorbed by the renal tubule and 
returned to the blood, while the monobasic (acidic) salt remains in the tubule 
and becomes the titratable acid of the urine. The carbonic acid filtration theory 
maintains that the glomerular filtrate contains carbonie acid and sodium bi- 
carbonate in addition to the two types of phosphate. There is also the as- 
sumption that the tubules can remain impermeable to HCO, (CO.) as they 
actively reabsorb NaHCO;. Thus the equilibrium, 


Na,HPO, + H,CO,; =< NaHCO, + NaH,PO, 


is moved to the right as NaHCO, is removed, leaving NaH.PO, in the urine. 
If the tubules are considered permeable to CO. (H.CO;), the H.CO, available 
from surrounding areas serves as an almost endless souree of NaHCoO., through 
the above equilibrium reaction, which is moved to the right as NaHCO; is re 
absorbed. This mechanism, the carbonic acid filtration-diffusion theory, ean 
account for a greater urinary acidity than the preceding theory, which is lim- 
ited by the amount of CO. (H.CO,) filtered (Menaker; Peters and Van Slyke; 
Sendroy). The tubular ionic exchange theory postulates that the H* ions 
are actively transported by the tubular cells into the urine in exchange for 
Na* (and K*) ions of the glomerular filtrate, thus eony erting Na,HPO, into 
NaH,PO,, and NaHCO, into H.COs, the latter escaping from the tubular lumen 
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to the cells as CO, (Pitts; Smith). In all these theories, carbonic anhy- 
rase, in the tubular cells, assures the rapid conversion of CO, (+H.O) to 
sCO:. 

According to the all-base reabsorption theory, the absorption of alkaline 
mpounds, notably Na,CO,; (carbonate) followed by NaHCO, (bicarbonate), 
n completely explain any urinary acidity reported. (Menaker). As ear- 
nate is reabsorbed, the equilibrium: 


Na,HPO, + NaHCO, <= Na,CO, + NaH,PO, 


FILTRATE pH 7.4 URINE pH 4.8+ 
PHOSPHATE REABSORPTION THEORY 























Sea NaH,PO, + Na,HPO —> NaH,PO, 
Na,HPO, | aie 8 ryt rag 
Na,HPO, 
NaH,PO, | CARBONIG ACID FILTRATION THEORY 
Na,HPO, 
ayn Na,HPO, + H,CO, ——>=NaHCO, + NaH,PO, —> NaH,PO, 
pres: | 
NaHCO, [ NoHo, 
TUBULAR IONIG EXCHANGE THEORY 
NaH,PO, - 
tale Na*H,PO,— + Na*Na*HPO.- —> NaH,PO, 
Na,HPO, 24 
+ _ 
H*HCO, 
ALL-BASE REABSORPTION THEORY 
NaH,PO, Hoes 
se 
Na,HPO,+NaHCO, ==> Na,CO,+NaH,PO, 
Na,HPO, 2 4 3 2-55 Bie’ “>> NaH, PO, 
eres NagHPO,+H,CO, +> NaHCO,+NoH,PO, 
NaHCO, 
NaHCO, NaHCO, 
Na,CcoO 
oe CARBONIC ACID FILTRATION-DIFFUSION THEORY 
C-A 
NoH,PO, CO, +H,0=>H,CO, 
Na,HPO, 
PS aay No,HPO,+H,CO; ===NaHCO,+NaH,PO, —*NoH,PO, 
H,CO, | 
NaHCO, | NaHCO, 


74.—Theories to account for acidification of urine. (Upper three parts from Pitts, R. Hes 
and Alexander, R. S.; Am. J. Physiol. 144: 239, 1945.) 
moved to the right, converting Na,HPO, to NaH,PO,. Subsequent reab- 
ption of NaHCO; completes the acidification process by converting more 
»HPO, into NaH,PO, as NaHCO; reabsorption moves the following equilib- 
m to the right: 
Na,HPO, + H,CO, <2 NaHCO, + NaH,PO, 


er three times as much bicarbonate as carbonate is reabsorbed in this postu- 
ed mechanism. (H.CO;, present in the carbonic anhydrase-rich kidney, 
dily reacts with reabsorbed Na.CO;, NazHPO,, NasPO,, or NaOH.) - 

In all the acidifying mechanisms cited, B* instead of Na* might be used. 
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The kidney also protects the organism against an excess of alkali. n 
alkaline ash diet results in the production of KHCO,; and K,HPO,. The ki 
ney produces an alkaline urine by excreting, i.e., not reabsorbing, BHCO; ang 
B.HPO,; it might here reabsorb BH.POsg. When excreting an alkaline urine 
the kidney also excretes much more or ganic acid, notably citric acid, essentially 
in the salt form, at this pH range. 

‘As the ingestion or formation of fixed acids results (by interaction will 
BHCO,) in the formation of volatile COs, which is readily eliminated by the 
lungs, whereas no base can be exhaled in a similar manner, and as the kidney 

ean form and excrete much ammonia, the organism is better equipped to com 
bat the invasion of acid than alkali. 


ACIDOSIS AND ALKALOSIS 


Peters and Van Slyke define acidosis as ‘‘an abnormal condition caused by 
the accumulation in the body of excess of acid or by the loss from the body 
of alkali.’’ Similarly alkalosis is ‘‘an abnormal condition caused by the ae 
cumulation in the body of excess alkali or by the loss of acid.’’ Ordinary 
amounts of acid or of alkali are taken care of by the mechanisms just con- 


sidered. That is, ordinarily the ratio of the equation [H*] = K 


[H.COs| 
[B*HCO;] 
all the other sets of buffers, the pH remains at 7.3 to 7.4. Now in acidosis 
or alkalosis it may also be kept constant. If the acidosis is due to an in 
crease of the numerator, a concomitant and sufficient inerease in the de- 
nominator will hold the ratio constant. If it is due to a loss of alkali, i.e., a 
diminution of the denominator, a simultaneous decrease in the numerator will 
have the same effect. Similarly an alkalosis arising from an increased amount 
of alkali may be compensated for by an increased production of H,CO,, and a 
decrease in the numerator may be followed by a decrease in the denominator. In 
all of these four conditions the pI will not change. Such courses of events result 
in “‘compensated acidosis or alkalosis.’? When the ratio actually changes and the 
pH is outside of the normal range, the term ‘‘uncompensated’’ is used. How- 
ever, long before any abnormally great deviation in the pH occurs, the bi- 
carbonate content changes. This is easily detected by determining the carbon 
dioxide combining power of blood plasma. 


BHO; 


is kept constant at about % 9 and since this is in equilibrium with 


The normal concentration of BHCO, in plasma is about 0.025 molar or 25 mM. pet 
liter. Plasma H,CO, (mainly CO, gas) is about 1.2 millimolar. Piasma B,CO, is 0.1 milli- 
molar. The total CO, (mainly bicarbonate) is thus about 26 millimolar. When measured 
in the laboratory by the addition of acid to plasma, the amount of CO, liberated from the 
plasma represents mainly BHCO,, or the ‘‘alkali reserve,’’ and is reported in ‘‘ volumes 
per cent’’—the number of ml. of CO, that would be liberated from 100 ml. of plasma. 
From the gas laws, we know that 22.4 ml. of a perfect gas represents one millimol of the 
gas. If. 1 ih or atin gave 0.224 ml. of CO, on acidification, it would be reported as 

22.4 volumes per cent and would mean that there are 10 mM, of total CO, in 1 liter of 
plasma. To convert ‘‘ volumes per cent’’ to mM. per liter, divide by 2.24, 
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Carbon Dioxide Combining Power of Blood Plasma.—The principles involved in this 
ermination are as follows: The blood is taken from a vein by syringe and is transferred to 
oxalated centrifuge tube. After centrifuging, the plasma is placed in a separatory fun- 
and exposed to an atmosphere whose carbon dioxide tension is approximately that of 
eolar air. A measured volume of this saturated plasma is then placed in a Van Slyke 
bon dioxide apparatus, acidified, and subjected to negative pressure. This treatment liber- 
s the CO, from bicarbonate as well as the CO, in solution. The bubble is returned to the 
ibrated part of the apparatus and measured at atmospheric pressure. Normal blood plasma 
ibines with from 50 to 70 ml. of CO, per 100 ml. If the buffering power is depleted be- 
se acids have been thrown into the blood in excessive amounts (acidosis), less CO, can be 
en care of and the CO, combining power will be lower. In alkalosis more CO, can be com- 
ed of course. If a patient has received NaHCO,, a false picture may result because this 
| increase the volume of CO, itself, although the fundamental metabolic condition of the 
jent may be unchanged and this possibility must be kept in mind. In general, a CO, com- 
ing power of over 70 ml. per 100 ml. indicates alkalosis; 50 to 70 ml. is normal; 41 to 
ml. indicates mild acidosis; 31 to 40 ml. indicates moderate acidosis; and 30 ml. or less 
icates severe acidosis. For details of this procedure, the reader is referred to laboratory 
auals. F 


Disturbances in Acid-Base Balance 


If it is kept in mind that acid-base balance depends upon the ratio 
[COs 
HCO;- 
od (Van Slyke). They are, in the first place, a normal relationship. Then 
‘re are excesses of either numerator or denominator and deficits of either. 
at is, there are four deflections from the normal, and since each may be com- 
nsated or uncompensated, they total eight. 

I. Primary Alkali Deficit—In this condition the bicarbonate is diminished 
a result of increased production, ingestion, or retention of acid. The in- 
ased production occurs in diabetes mellitus and in certain other metabolic 
turbances. Here such acids as beta-hydroxybutyric are not utilized in the 
rmal manner and they therefore make inroads on the alkali reserve. The 
restion of mineral acids, as might occur from the administration of HCl in 
strie disturbances, has the same effect. Infantile diarrhea may result in 
s of base. In nephritis the kidney may not excrete acids in sufficient 
ounts and retention therefore occurs. Except in the case of retention, 
primary alkali deficit leads to increased elimination of acid in the urine. 
ere is also a rise in urinary ammonia. Respiration is increased in order 
get rid of CO, faster. All of these compensatory mechanisms tend to re- 
ce the H.CO, (numerator). If the reduction is sufficient to parallel that 
the bicarbonate (denominator), the ratio remains constant and a compen- 
ed acidosis results. If not, it is wncompensated; the pH falls and the patient 
y go into coma. This has also been ealled ‘‘metabolie acidosis. ”’ 

Il. Primary Alkali Excess.—The ingestion of excessive amounts of ** bicar- 

ate of soda’’ is about the only example of increasing the bicarbonate frac- 
In in an absolute manner. However, removing acid from the body has the 

e result, relatively. An example of the latter is excessive vomiting as it 
pylorie obstruction, with consequent loss of gastric HCl. The physio- 
| ating this are an increased excretion of alkali by the 


, it is seen that there are nine possible states which may occur in the 


urs in 


ical mechanisms for comb 
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kidney and, at the same time, a diminished formation of ammonia. Respiratior 
is depressed so that loss of CO. is very low. If these physiological efforts ar 
suceessful in holding the ratio constant, again there is a compensated condition 
of alkalosis with few, if any, untoward symptoms. However, if it is uncompen 
sated and the pI rises to an abnormal level, the alkalosis is grave and tetany 
may oceur. Tetany is a condition which may arise from other causes beside 
severe alkalosis. Neuromuscular excitability is the chief symptom in man, anc 
even convulsive seizures occur in children as they do in lower animals. “‘ Met 
abolie alkalosis’’ is another term applied to this type. 

III. Primary CO, Excess.—This is caused by any obstruction to respiratior 
or depression of it. The former may occur in pneumonia or emphysema and th 
latter from depression of the respiratory center as a result of toxie doses 6 
morphine or other respiratory depressants. Under these conditions, usu 
ally the lack of oxygen (anoxia) is more to be feared than the acidosis 
However, it is an acidemia, and the compensatory mechanisms are an increase ll 
the bicarbonate and a rise in urinary acid and ammonia. This leads to higl 
BHCO; with acidemia. Again this may be either compensated or uncompen 
sated. This has sometimes been designated ‘‘respiratory acidosis’’ despite 
the high BHCOs. 

IV. Primary CO, Deficit.—A loss of CO, may oceur when respiration i: 
stimulated in some abnormal manner. Examples of this are more commot 
than are usually believed. Fever and hot baths were the two most usual stimu 
lants cited, but two others have more recently been brought to the attention 0! 
observers. One is the lack of oxygen existing at high altitudes. When this i 
very great, it increases the rate of respiration and CO, is eliminated moré 
rapidly. A second factor is anxiety or hysteria. The mental state results it 
hyperventilation, also, and the two factors may operate together in airplane 
passengers. In the army the ‘‘hyperventilation anxiety syndrome’’ was said tt 
be a rather common condition in hospitalized cases in wartime (Lewis). It i 
often difficult to recognize. Primary CO, deficit is, of course, an alkalemie 
which usually becomes compensated by a reduction of urinary ammonia forma 
tion and increased excretion of bicarbonate. A eommon term for this i 
‘‘respiratory alkalosis,’’ despite the low BHCO,. 

I'rom a consideration of these conditions it must be evident that the de 
termination of the alkali reserve alone will not always give a true picture 01 
the condition. Sometimes a pH determination is also needed. For instance 
in an uncompensated CO, deficit there is an alkalemia, due to a loss of yolatilé 
acid. In the attempt to compensate for the reduction in carbonie acid, there 
is, as stated, an increased excretion of bicarbonate. Thus we have a lowered 
blood bicarbonate with an alkalemia. On the other hand, in an uncompen: 
sated CO, excess, the attempt of the body to compensate is the production and 
hoarding of bicarbonate. The blood will actually be more acid (acidemia) 
despite the presence of increased bicarbonate. These, of course, are extreme 
cases, but their implications are important. In III and IV above, acidemia 
or alkalemia refers to low or high pH, respectively. | 
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Chapter 21 
ENERGY METABOLISM 


The demonstration of the laws of conservation of matter and energy ha: 
been made again and again for animate as well as inanimate matter. Matter is 
transformed chemically and physically but none is lost and none gained; energy 
is changed from one form to another, but, here too, there is neither loss nor 
gain. When the products derived from foods are oxidized, there is an evolutior 
of heat, in much the same way as when a substance is burned outside of the 
body. The ‘‘combustion”’ is not as intense, and, as has been seen, is accomplished 
with the aid of complicated enzyme reactions. But in the end they are oxida. 
tions and yield heat or other forms of energy. It was the great French scientist 
Lavoisier (1743-1794) who first demonstrated that animal heat is derived from 
oxidations of essentially the same sort as any other oxidation. He also showed 
that the amount of heat produced by the oxidation of a certain amount of carbon 
in an animal was equivalent to that produced by the combustion of the same 
amount of nonliving carbon. 

In earlier chapters the material phases of metabolism, the building up and 
breaking down of tissues, were studied. Now the energy transformations in 
volved in those processes will be discussed. Both phases make up total metab- 
olism. 


HEAT REGULATION OF THE BODY 


The transformation of the potential energy of the food into muscular con- 
tractions and other forms of kinetic energy by the animal body is, from a 
mechanical standpoint, more efficient than in most man-made machines. About 
18 to 22 per cent of our food may be converted into mechanical energy, the 
energy of work, ete., as compared with from 9 to 19 per cent for the steam engine 
and 20 per cent for the gasoline motor. The Diesel engine, however, is more 
efficient since it transforms from 29 to 35 per cent into kinetic energy. The rest 
of the energy transformed from food, about 80 per cent, is liberated as heat. 
Usually the body is warmer than the surrounding atmosphere and loses heat te 
it. Sometimes, however, the reverse is the case, the atmospheric temperature 
being higher than that of the body, and the organism has the burden of losing 
heat, which is constantly being produced, against this gradient. When the 
environment is above body temperature, all of the excess heat must be elim 
inated by the evaporation of water. Nevertheless, the body temperature of the 
human being is remarkably constant. There are, to be sure, slight normal varia 
tions. In the early morning, between 2 and 5 a.m., the temperature is 
lowest, rising gradually to its highest point between 5 and 8 p.m. During sleep 
the temperature always goes down slightly. These variations do not exceé 
1.8° F.; i.e., throughout the day, under ordinary conditions of work and rest, 1 
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normal adult, the rectal temperature may range from 97.3 to 99.1° F. The 
nperatures of different parts of the body vary—that of the rectum is higher 
in that of the mouth, and that of the mouth higher than the temperature of the 
ila. In the normal adult female there is a rather regular temperature 
ythm dependent upon the menstrual cycle. During the period between 
nstruation and ovulation there is a slow fall in body temperature, with 
casionally a steeper drop just before ovulation. Immediately thereafter 
ere is a sharp rise to a flat or slowly ascending plateau. Shortly before the 
set of menstruation, the temperature rapidly falls again. At the meno- 
use this ovarian temperature cycle ceases. Muscular work causes an in- 
sased heat production, of course, but this usually changes the temperature of 
2 body but little because of the effectiveness of the heat-regulating mech- 
ism. The temperature of the atmosphere usually does not affect body tem- 
rature, but prolonged hot or cold baths can raise or lower body tempera- 
re, respectively. 

Heat is produced both in oxidative and in nonoxidative reactions in all 
sues of the body, but chiefly in the muscles. There is, of course, some heat 
oduced in digestion and in the various chemical reactions occurring in the 
er and other organs. The contractions of nonstriated muscle, as in peristalsis, 
ist give rise to some heat, and the heartbeat also accounts for a considerable 
lount. By far the largest factor, however, is that produced by the skeletal 
iscles. Even during rest, between periods of activity, they have a large energy 
juirement, and during work this may be increased enormously. When the 
ternal temperature is lowered, the muscles are called upon to produce more 
at by shivering. Glands of internal secretion, particularly the thyroid, play 
‘ole in heat production by altering the rate of metabolism. In all of these ways 
at production is affected, and they are thus a part of the heat-regulating 
chanism. 

On the other hand, there are several factors which regulate heat control 
modifying the loss of heat from the body. There are three main paths by 
ich heat is lost: the skin, the lungs, and the excretions. At least 85 per cent 
the heat loss is from the skin. This occurs by conduction, radiation, convec- 
n, and evaporation. The relative amounts lost by these different processes 
l vary with the condition of the body and its environment. The amount of 
, the clothing, the temperature of the air and walls of the room, the humidity, 

the movement of the air are all important factors. Heat loss by way of the 
gs is partly by vaporization and partly by convection. The amount of heat 

sferred or lost from the body in feces and urine is relatively small. 

The regulation of heat loss is partly voluntary and partly involuntary. The 

er is seen in the various devices adopted for warming the body by cloth- 
, heating our buildings, warming our food and drink. The involuntary 

latory machinery includes the vasomotor mechanism and the secretion of 
sweat. When the external temperature is high, the cutaneous blood vessels 
te and the abdominal vessels constrict and more blood is thereby exposed to 
cooling influence of the external environment, which, although warm, 1s 
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almost invariably cooler than body temperature. The cooled blood is brough 
to the interior of the body, where it is again warmed and brought again an 
again to the surface for cooling. The sweat glands are stimulated to increas 
their secretion when heat loss from the skin by physical means is insufficient 
Then the evaporation of sweat becomes a cooling factor. If the secretion i 
extremely rapid, or if the external temperature and humidity are high, evapora 
tion will not keep pace with secretion and beads of perspiration will form. 

The control of heat production and heat loss is vested in the central nervou 
system. The central mechanism for regulating heat production is locatec 
in the posterior hypothalamus, while that for heat loss is in the anterior hypo 
thalamus. 

Measurement of Heat 


In physiological studies heat is measured in large calories, ‘‘Cal,’’ or “‘C.’ 
A Calorie is the amount of heat needed to raise one kilogram of water 1° C, 
usually from 15 to 16° C. A bomb calorimeter is used to determine the calor 
value of a given substance, a food for example. This is a metal vessel in whiel 
the weighed food is ignited in an atmosphere of oxygen by means of an electri 
spark. It is surrounded by a measured volume of water. The increase in tem 
perature of the water multiplied by its weight gives the number of calorie: 
liberated by the combustion of the food. By such measurements it has beer 
found that, on an average: 


1 Gm. carbohydrate yields 4.1 Cal. 
1 Gm, fat yields 9.4 Cal. 
1 Gm. protein yields 5.6 Cal. 


These figures are to be considered typical of the caloric equivalents of foods 
ordinarily present in the diet of man. But it should be remembered that speeific 
members of each class may have values somewhat at variance with these typical 
or average values. [For example, the 4.1 figure is applicable to  stareh. 
(CoHi0Os5)n, but glucose, CoH,20¢, produces only 3.8 Calories per gram. In 
dividual fats also vary in their heat equivalents; olive oil yields 9.884 
Calories, and butterfat 9.179 Calories per gram. When the same substances are 
utilized by the body, it can be shown that carbohydrates and fats have the samé 
caloric values, but proteins give rise to only 4.1 Cal. instead of 5.6. The reason 
for this is that the proteins are not completely oxidized in the body since the 
urea, to which they give rise, could be oxidized still further in the boml 
calorimeter. For practical purposes, the following approximate figures are usu 
ally employed when dealing with animal calorimetry : 


1 Gm. carbohydrate yields 4 Cal. 
1 Gm. fat yields 9 Cal. 
1 Gm. protein yields 4 Cal. 


The heat produced by the animal body can similarly be directly measure¢ 
by placing the animal in a calorimeter. It ean also be estimated indirectly by 
measuring the amount of oxygen retained by the body and the earbon dioxid 
excreted, and caleulating the amount of heat which these values represent. Th 
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rect method is far more accurate but entails the construction of complicated 
id costly apparatus. Therefore it is used in relatively few institutions. 

The Atwater-Rosa-Benedict Calorimeter,__In Fig. 75 is shown a diagram 
the Atwater-Rosa-Benedict calorimeter. In such an apparatus not only is 
e heat measured, but the oxygen absorption and carbon dioxide output ae 
30 be determined. Thus the direct and indirect methods may be employed 
nultaneously and may be compared with each other. The animal, or man. oc- 
pies a chamber which has a double copper wall enclosed in an insulated wall 
ie heat lost from the body is removed by a coil of pipe through which the 
ws. This is shown in the figure as a single tube with a thermometer, op ”” at 
e inlet and another at the outlet. The number of calories lost from the Body is 
leulated from the difference in temperature and the volume of water flowing 
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Fig. 75.—Diagram of Atwater-Rosa-Benedict respiration calorimeter. Heat produced by 
- body is absorbed by a coil of pipe through which water flows (here shown as a single 
e). JT and T are thermometers registering the temperature of the inflowing and outflowing 
ter, the volume of which can be measured. This permits the ealculation of ‘‘sensible heat.”’ 
2 pump blows the air in the direction of the arrows. The spirometer shows contraction of 
al air volume as the animal uses Oo. A corresponding amount of O2z is delivered from the 
ighed O» cylinder. The increase in weight of Bottle J gives the water lost by evaporation 
from this the latent heat of evaporation may be computed. The increase in weight of 
tles IJ and JIJI give the CO2 evolved. (From Bard, P.: Macleod’s Physiology in Modern 
icine, ed. 9, St. Louis, 1941, The C. V. Mosby Co.) 


ough the coil. In addition to this, the heat removed as latent heat of evapora- 
nm must be computed. This is done by absorbing the moisture from the air 
ving the calorimeter and weighing it. Each gram of water vaporized requires 
80 Cal. at 30° C., the temperature of the skin. Other losses of heat from the 
orimeter are prevented by an elaborate system for keeping the inner and outer 
per walls at the same temperature so that heat cannot flow in either direction. 
le air is circulated by a pump in the direction indicated by the arrows. As the 
ject uses up the oxygen from the air, the spirometer indicates the decrease in 


ume. Oxygen is then added from the weighed cylinder and the difference in 
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weight gives the amount of oxygen used. The bottles of sulfuric acid and soda 
lime are also weighed at the beginning and at the end of the experiment, 
Bottle J absorbs the water vapor, which permits the estimation of the latent heat 
of evaporation. Bottle 77 absorbs CO, but liberates water in the reaction: 


2 NaOH + CO, — Na,CO, + H,0. 


For that reason Bottle IJ is used to catch any water which may be lost from 
Bottle JJ. Therefore the increase in weight of Bottles 7J and III give the 
amount of CO, liberated by tle body. It is evident that the air entering the 
chamber has been freed of CO, and moisture and has had its O, content restored. 
The chamber may have facilities for the subject or animal to do work, such asa 
bicycle ergometer for a man or a treadmill for an animal, with suitable devices 
for measuring the work done. Thermometric measurements of the air and of 
the body temperature are likewise arranged for, and samples of air can also he 
obtained for analysis. 

Using such an apparatus, Rubner, about the year 1894, showed, for a dog, 
that the calorie equivalent of the food taken in was equal to the heat output plus 
the heat equivalent of the urine and the feces. The error was within 1 per 
cent. He also showed that the direct method checked the indirect method; that 
is, the heat production calculated from the gas exchange. Later, Atwater and 
Benedict brought out the same facts using men as subjects. For example, the 
average results obtained for three men who were tested for forty days each were 
as follows: i 


AVERAGE CALORIES PER DAY 


Direct calorimetry 2,723 
Indirect calorimetry 2,717 
Difference 6, or 0.2 per cent 


The Respiratory Quotient 


The respiratory quotient has an important bearing upon many phases 
of energy metabolism, whether we are dealing with the intact animal or with 
tissue preparations. It is the ratio of the volume of CO. produced, to the 
volume of O. used. 


Vol. CO, 
B.Q.. = Vol.0; 


For complete combustion of carbohydrates, the respiratory quotient is 1.0, as 
is Seen from the following equation in which glucose is acted upon. 


C.H,,0, + 60, —- 6CO, + 6H,O 


From Avogadro’s law it is known that a given volume, at constant tempera- 
ture and pressure, will contain the same number of molecules of any gas. 
Therefore, since six molecules of CO, occupy the same volume as six molecules 
of O,, 


R.Q. of C,H,,0, = con = aI). 
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The equation for a typical fat oxidation is as follows: 


CHO, + 80 O, = 57 CO, + 52 H,O 


57 CO, 
80 O; — (Ley Al 





R.Q., Triolein = 


The other fats have slightly different respiratory quotients but all are about 0.7. 

The respiratory quotient of protein is more difficult to determine since the 
yrotein molecule is not completely burned. It has been estimated by Loewy in 
he following manner. One hundred grams of meat protein contain: 


52.38 Gm. C 
7.27 Gm. H 
22.68 Gm. O 
16.65 Gm. N 
1.02 Gm. S 


After ingestion there are excreted in the urine and feces all of the nitrogen and 
ulfur, and part of the hydrogen, oxygen, and carbon. The amounts of C, H, 
ind O not excreted in the urine and feces are: 


41.50 Gm. C 

4.40 Gm. H 

7.69 Gm. O 
This, then, is available for oxidation processes. The 7.69 Gm. of oxygen is 
ufficient to oxidize 0.96 Gm. of hydrogen, leaving for further oxidation and 
herefore for the computation of the respiratory quotient : 


41.50 Gm. C 
3.44 Gm. H 


[The oxygen necessary for these oxidations would be 138.18 Gm., or 92.63 
iters (138.18 Gm. x 0.699 liters, since 1 Gm. of oxygen occupies 0.699 liters 
yf space). The carbon dioxide produced would be 152.17 Gm. or 77.39 liters 
152.17 Gm. x 0.5087 liters, because each gram of carbon dioxide occupies 
).5087 liters). The respiratory quotient of the proteins is, accordingly, 


f TLD a. GOs 
R.Q. protein = 92.63 1.0, == OL. 


m general, 0.8 is used for the respiratory quotient of proteins. 

If an animal could oxidize exclusively one food at a time, it is evident that 
hen using carbohydrate his respiratory quotient would be 1.0, when burning 
at it would be 0.7, and during protein utilization it would be about 0.8. Since 
his is not the case, and all three types of food are being metabolized simul- 
aneously, the respiratory quotient is always a resultant of all types of metab- 
lism. On an ordinary mixed diet the respiratory quotient is usually found to 
e about 0.85 for a normal individual. In the postabsorbtive state, that is, some 
welve hours after the last meal, it is usually slightly lower, about 0.82. How- 
ver, the feeding of foods high in any one of the three chief foodstuffs can be 
ound to have a definite influence on the respiratory quotient. Thus, with a 
espiratory quotient of 0.85, the feeding of carbohydrate will tend to raise it, 


nd the feeding of fat, to lower it. 
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Since the three types of foodstuffs, with different calorie values, each have 


different R.Q.’s, it follows that the calorie value of one liter of oxygen absorbed 
will depend upon the particular foodstuff it is oxidizing. The same is true of 
the carbon dioxide produced. [For example: 


GeH..08 + 6 O. = 6-CO; + 6 H,O 
180 Gm. 192 Gm. 264 Gm. 
Saal 134 1. 


That is, 134 liters of oxygen are required to oxidize 180 Gm. of glucose or 
to produce 180 x 3.8 Calories, since each gram of glucose will produce 3.8 Calories 
of heat. Therefore, with an R.Q. of 1, one liter of oxygen is equivalent to 
180 x 3.8 he 
Eye Cal., or about 5.1 Cal. Similarly, for a fat: 

CHO, + “80 Ofer est COL oo58 


884 Gm. 1 TO2 mals 


That is, 1,792 liters of oxygen are required for 884 Gm. of triolein or to 
produce 884 x 9 Cal. Therefore, with an R.Q. of 0.7, one liter of oxygen is 
884 x 9 
1,792 
quotient of 1.0, it can be assumed not only that carbohydrate alone is burning, 
but if the volume of oxygen consumed in a definite period of time could be ascer- 
tained, the amount of carbohydrate burned in that time could be calculated. If 
the respiratory quotient were 0.7, the R.Q. of fat, how much fat was being 
consumed could similarly be ascertained. Since the R.Q. for protein is between 
these two figures, i.e., about 0.8, exclusive protein combustion cannot be assumed, 
since the simultaneous combustion of carbohydrate and fat and protein would 
result in an R.Q. of about this value. 

As stated before, however, all three foodstuffs usually are being utilized at 
the same time. Nevertheless, calculations are possible which will give us the 
amounts of protein, carbohydrate, and fat being consumed at the same time. 
The protein catabolized during the experimental period ean easily be found 
by obtaining the urine excreted during this time. The total nitrogen present is, 
of course, about 16 per cent of the protein eatabolized, or 


equivalent to = 44 Cal. Therefore, if a person has a respiratory 


Total N 
p16. OF Total N x 6.25 = Protein. 


The volumes of CO, and O, which the protein represents can be ealeulated and 
subtracted from the total CO, and O,. The remainder is the nonprotein CO, 
and O, from which the nonprotein R.Q. can be calculated. Now, a nonprotein 
R.Q. must vary between 0.7, the R.Q. for 100 per cent fat and no carbohydrate 
consumption, and 1.0, the R.Q. for 100 per cent carbohydrate and no fat 
catabolism. All R.Q. figures between 0.7 and 1.0 will indicate that a mixture 
of the two is being burned. Tables are available which give the amounts of each 
of these two constituents being burned (per liter of oxygen), for R.Q.’s between 
0.7 and 1.0, and the number of calories that one liter of ioren repre in 
this combustion. Thus, knowing the total N output, the O, consumption and 
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he CO, output in a given period, the number of grams of protein, carbohydrate, 
nd fat catabolized can be estimated. 

In metabolism experiments it is desirable to calculate the heat production 
rom the oxygen consumption. As has been seen, this would be easy to do 
ather accurately if only carbohydrate and fat were being utilized. The protein 
1akes it more difficult. However, extreme accuracy is not necessary in the in- 
irect methods of calorimetry employing this calculation. At a respiratory 
uotient of 0.71 the number of Calories produced per liter of oxygen is only 
bout 6 per cent less than that produced at a respiratory quotient of 1.0. These 
alues are shown in Table XLII. For this reason the calorie value for oxygen 
onsumption is usually based on the R.Q. observed, or, if it is not determined, 

““standard’’ R.Q. is assumed. 


TABLE XLII 
ANALYSIS OF THE OXIDATION OF MIXTURES OF CARBOHYDRATE AND FAtT* 





PERCENTAGE OF TOTAL PERCENTAGE OF HEAT 
R. Q. OXYGEN CONSUMED BY PRODUCED BY CALORIES PER 
CARBOHYDRATE FAT CARBOHYDRATE FAT prep nieds. 
0.707 0 100.0 0 100.0 4.686 
0.75 14.7 85.3 15.6 84.4 4.739 
0.80 S17 68.3 33.4 66.6 4.801 
0.82 38.6 61.4 40.3 59.7 4.825 
0.85 48.8 51.2 50.7 49.3 4.862 
0.90 65.9 34.1 67.5 32.5 4.924 
0.95 82.9 iN ee) 84.0 16.0 4.985 
1.00 100.0 0 100.0 0 5.047 





*From Lusk, G.: J. Biol. Chem. 59: 41, 1924 (abbreviated). 


It should be mentioned that the respiratory quotient cannot be considered as the index 
f a single process. If carbohydrate is being converted to fat, this reaction by itself would 
ssult in a respiratory quotient greater than 1.0, because CO, is produced and no OQ, is used. 


13 O.H,,0, — CHO, + 21 CO, + 26 H,O 
Glucose Triolein 


m the other hand, if fat were being transformed into carbohydrate, the R.Q. would be very 
yw. For example, from this reaction, 


CptiwWle + 32 0, — 8 .C,H,0,%, + 9 CO, + 4 H,0O, 
Triolein Glucose 


e would have an R.Q. of about 0.28. The first of these reactions is accepted by all, and the 
cond is claimed to occur by many authorities. The theoretical R.Q. for the conversion of 
otein to carbohydrate has been calculated as 0.6 to 0.7. There may be still other reactions 
hich influence this value, including the fixation of CO,, and physiological and pathological 
etors which modify it. Therefore it is apparent that the total R.Q. will be a figure egy 
nting a composite of the respiratory exchanges involved in all metabolic reactions. Never- 
eless, since the oxidative processes predominate in the body over the synthetic ones just 
entioned, the use of the R.Q. in studying heat production is justified. 


Metabolism of Ethyl Alcohol 


Aleohol in moderate amounts is 90 to 95 per cent utilized. The rate of 
tilization varies somewhat with the individual but not with the quantity 1n- 
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gested; that is, the rate of oxidation is fairly constant. From 3.5 to 15 
of pure alcohol may be consumed by the organism per hour. The R.Q. o 
ethyl alcohol is 0.67 and the caloric value is 7 Calories per gram. Assumi . 
an average utilization of 10 ml. or 8 Gm. per hour, this would amount to 56 
Calories per hour. It is apparent that an individual could obtain an appreciabl 
proportion of his caloric needs from alcohol alone. 
The oxidation of alcohol seems to occur in the liver and insulin is neces 

sary for its breakdown. In fact, treatment with insulin and glucose hastens r 
covery from ethyl alcohol intoxication. The products of alcohol catabolism 
are CO, and water. Since alcohol cannot be stored in the body but can be 
converted into the energy of heat and work, it spares carbohydrate and fat 
and thus may increase glycogen and fat deposition. It may even become a pro- 
_tein sparer if the diet is deficient in carbohydrate. The small amount of alco- 
~ hol which escapes oxidation is eliminated mainly through the lungs and kidneys. 


BASAL METABOLISM 


There are several factors which contribute to the total heat production of 
the body. The principal ones are derived from the metabolism of the body at 
rest, the heat produced by work or exercise, and that due to the specific effects 
of food. In addition, a low atmospheric temperature will stimulate heat produe- 
tion, and sleep will depress it. Emotions, noises, and discomforts usually in- 
erease heat production also. The metabolism of the body at rest is called 
“‘basal metabolism.’’ More exactly, basal metabolism, or the ‘‘basal metabolie 
rate,’’ is defined as the heat production of the body when in a state of complete 
mental and physical rest and in the postabsorptive state. ‘) 

The basal metabolic rate is frequently determined clinically. Since food, 
exercise, sleep, and external temperature all modify heat production, it is essen- 
tial that these factors be excluded. Therefore, the subject is required to take 
the test after a twelve-hour fast; i.e., in the postabsorptive state. He is made 
warm and comfortable in a room which is quiet and which has subdued lighting. 
He must be informed about what is to be done so that he will not be alarmed, 
and in every possible way put in a resting condition. Under such conditions 
his metabolism is considered basal. a 

The heat production in the basal state may be determined directly by an 
Atwater-Rosa-Benedict calorimeter, and this is the most accurate procedure. 
Since this is not feasible ordinarily, indirect methods have been devised, based - 
upon the principles discussed. By the indirect methods, either the oxygen con- 
sumption and carbon dioxide output are determined, or only the oxygen consump- 
tion. In the former instance the R.Q. ean be determined and this, as has been - 
seen, permits us to get a more exact idea of the calorific value of the! 
oxygen being consumed. If only the oxygen consumption is determined, the’ 
R.Q. must be assumed to be the average value usually found. In general, then, 
the basal metabolic rate (B.M.R.) for a given period is obtained by multiplying 
the volume of oxygen consumed during that period by the ealorifie value for 
oxygen corresponding to the observed (or assumed) respiratory quotient. : 


7 
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There are, in general, two systems available for the indirect determination 
the B.M.R. These are the ‘‘open circuit system,’’ in which both the oxygen 
msumption and carbon dioxide output are measured, and the ‘‘closed circuit 
stem,’’ in which only the oxygen consumption is estimated. Both can be 
ed clinically, but the former requires a high degree of technical skill, more 


Imbersome apparatus, and is less rapid. Since it is the more accurate, it will 
- described first. 


Open Circuit Systems.—The Tissot method and the Douglas method are 
th open circuit systems. The subject breathes through a valve system, which 
so arranged that he inspires pure atmospheric air and his expired air is col- 
eted either in a Tissot spirometer or a Douglas bag. The latter is a rubber 
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ig. .—Apparatus for the determination of the basal metabolism by the open circui 
Bao The Fabieat lying at rest on a cot and wearing a face mask is separated ve ‘eder = 
d a window from the spirometer. C and £ are pipes leading from the mask to ou re sie s # 
d spirometer, respectively; B and F are flutter valves which direct inspiratory ~ Se es 
m outside and expiratory air to spirometer from mask. The spirometer consis a os as 
ich is arranged to rise freely as the expired air is collected under it. The ah ec hes hid i 
the apparatus can be flushed out with expired air by allowing it to escape throug ue inte 
On closing this valve the expired air is caught in the spirometer bell. Bite Me yttel ee 
its expired air to escape through J, a vent. (From Bailey, C. V.: . Lab. 5 


657, 1921.) 









g of 60 to 100 liters capacity, which has the advantage of being portable, and 
us is also useful in energy experiments involving exercise. The spirometer, on 
other hand, is easily calibrated so that the volume of expired air can be 
urately observed on the instrument itself. The passage of the air may be ac- 
plished by having the subject breathe through a mouthpiece connected 
th the apparatus. In this case a clip prevents nose breathing. A more com- 
table arrangement is the use of a mask of special design which ean be made 
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airtight. The valves used to ensure the passage of air in the right directio | 
must have low resistance so that little extra work is done by the subject in over- 
coming this resistance. Fig. 76 is a diagram showing a Tissot, or gasometer, 
apparatus in use. The subject inspires fresh air and expires into the spirometer, 
or gasometer. After a given period of time the volume of expired air is estimated 
and a sample is analysed. The composition of inspired air is also determined by 
analysis. However, the volume of inspired air is not measured. It can be 
calculated from the percentages of nitrogen in both the inspired and expired 
air, since nitrogen is an inert gas and the total volumes of nitrogen inspired and 
expired must be equal. It is thus possible to determine the volumes of oxygen 
utilized and carbon dioxide produced, having given the percentages of CO, and 
O, in both the inspired and expired air, and the volume of expired air. Conse- 
quently the R.Q. is readily found. Since each liter of oxygen retained corre. 
sponds to a certain number of calories of heat for the respiratory quotient in 
question, it is a simple matter to calculate the number of calories produced 
during the experimental period. 

Closed Circuit System.—In these methods, which are the more commonly 
used clinical procedures, the passage of air may be controlled either by a mouth- 
piece or a mask, as in the open circuit systems. Ilowever, here fresh air is not 
continually inspired. The system is filled with oxygen, and any diminution 
in the total volume is due to oxygen consumption because CO, and H,O from the 
lungs are absorbed by soda lime as fast as they are formed. It is a closed system, 
and the respired gas is breathed over and over again. The Benedict-Roth ap- 
paratus is shown in diagrammatic form in Fig. 77. There is one respiration 
valve in the inspiration tube and a second one at the outlet of the CO, and H,0 
absorber. These direct the air in the right path. There is a spirometer bell 
suspended by a cord which passes over a pulley and is balanced by a counter- 
weight. With each respiration the spirometer rises and falls and a pointer on 
the counterweight writes on a kymograph a record of this movement. Before 
starting the test the spirometer is emptied of gas and is then filled with oxygen. 
As the subject breathes, he retains some of this oxygen and expires a mixture of 
CO,, H,O, O,, and N,. The CO, and H,O are absorbed by the soda lime, and 
the spirometer will gradually fall as the oxygen is used up. The slope of the 
curve is used to measure the oxygen consumption in a six-minute period. 

Since the CO. is not measured in this method, an R.Q. of 0.82 is assumed. 
This gives a heat value for each liter of oxygen consumed of 4.825 Cal. (see 
Table XL). The spirometer bell is designed to have a volume of 20.73 ml. 
for every millimeter of height. Therefore each millimeter which the spirometer | 


ra Aer 20.73 
falls in six minutes is equivalent to T0009 liter x 4.825 Cal., or 0.1 Cal. in six) 


minutes, or 1 Cal. per hour. The kymograph paper is ruled in millimeters s0 
that the heat production can be directly obtained by observation. Furthermore, 
timing is rendered unnecessary by having vertical lines spaced at intervals,| 
each equivalent to one minute. Fie. 69 shows an oxygen line drawn in relation! 
to the ‘‘Calorie’”’ and ‘‘Time’’ lines. Corrections for temperature and barometri¢ 
pressure must, of course, be made, but these and all calculations are explained 
on the back of the tracing paper. 
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Fig. 77.—Diagram of Benedict-Roth apparatus for the determination of basal metabolism. 
patient breathes through a mouthpiece which fits between the gums and the lips; the 
le is clamped. ‘Two tubes connect the mouthpiece with the spirometer, and appropriate 
es permit the air to flow only in the direction indicated. The. expired air passes through 
Mme which absorbs carbon dioxide and water. The calibrated spirometer bell is balanced 
counterweight carrying a pen, which writes the record on a millimeter scale. The spirom- 
chamber is filled with oxygen when the test starts. As oxygen is absorbed by the 
ect, the volume of the gas in the chamber decreases and this decrease in volume is used 


basis for calculations. 
(Modified from Roth, P.: Boston M. & S. J. 186: 491, 1922.) 
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CALCULATING THE BASAL MetTaponic RATE.—Let it be assumed that the oxygen line, 
straight line drawn through a majority of the lower peaks of the curve, intersects a verti 
‘minute line’? at 58 mm. Another intersection six spaces from the first one, is, say, at 1 
mm, (see Fig. 78). The oxygen consumption, then, in six minutes is represented by 

128 , 
- 58 


70 mm. 


Since each millimeter for six minutes is equivalent to one calorie per hour, the heat outpu 
is 70 Cal. per hour. This must now be corrected for temperature and pressure. Assumi 
20° C. and 750 mm., it is found from a table (on the back of the tracing paper) the e 


responding factor 0.902. . 
70 x %O,902 = 63.1 Cal. per hour 


The corrected figure is 63.1 Cal. per hour. 


THE DISTANCE BETWEEN ANY SIMILAR-MUMBERED VERTICAL LINES. SUCH AS 1-1, 2-2. 5-5, erc. REPRESENTS A S1X MINUTE PERIOD. — 
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Fig. 78.—A typical oxygen line in a basal metabolism test usi 
: L sing a Benedict-Roth appara 
(Courtesy Warren IE. Collins, Inc., Staartanin Blea ay 3 


This must now be related to the normal values. If the subject is a woman, aged 50 
years, 5 feet, 4 inches tall, and weighing 108 pounds, it may be found from Table nel 
that her output should be 34.0 Gal. per square meter surface area per hour. From th 
nomogram (Fig. 79), a line drawn between the points indicating her height and weigh’ 
eRe ae middle line at 1.50 square meters of surface area. Therefore, the normal B 
Wwoulc e 


34.0 Cal. per square meter x 1.5 square meters = 51.0 Cal. 
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This is now subtracted from the figure (corrected) found, 
63.1 - 51.0 = 12.1 Cal. per hour above normal, 


and this excess divided by the normal; ie., 12.1/51.0 = +24%; that is, in this instance the 
B.M.B is 24 per cent above the normal for a woman of the age, height, and weight given. 


Normal Influences 


From the data obtained by any of the methods outlined, the basal metabolie 
rate, that is, the caloric output at rest, is determined. There are several 
factors which normally influence this. Consequently, in order to ascertain 
whether the B.M.R. determined is normal or not, it is necessary to compare 
it with normal standards. (AI] these factors have been taken into consideration 
in the ealeulations of the hypothetical test described above. ) 

Influence of Size.—It is of course true that the greater the size of an 
animal, the greater will be the total heat production. But the amount of 
‘heat produced is not proportional to the body weight. In 1901 Voit showed 
that it bore a much closer relationship to surface area than to weight and, shortly 
after, Rubner proposed the law that total metabolism is proportional to the 
superficial area of an animal. This is clearly evident from Table XLIII. This 


TABLE X LIL 


RELATION OF HEAT PRODUCTION To BoDyY WEIGHT AND SuRFACE AREA* 








CALORIES IN 24 HOURS 


WEIGHT IN 
KILOGRAMS PER KILOGRAM OF PER SQUARE METER 
BODY WEIGHT OF BODY SURFACE 
Pig 128 19 1,078 
Man 64 32 1,042 
Dog 15 52 1,039 
Mouse 0.018 212 1,188 


*From Rubner. 


law holds not only for different species, but also for individuals of the same 
species of different sizes. Thus a small man will have a greater heat output 
than a large one per pound, but when calculated to their surface areas the 
heat output will be about the same. For this reason, the B.M.R. is either ex- 
pressed as Calories per square meter of surface area or the total number of 
Calories produced is compared with that whieh would be produced by a normal 
individual having the same surface area. 


The surface area of a man is difficult to estimate accurately. Many measure- 
ments have been made, and there has been established a fairly constant relation- 


ship between the body weight and height. This is expressed by the formula 
of DuBois and DuBois: 


Surface area in sq. em. = (Weight in kg.)0.425 x (Height in em.)0.725 x 71.84 


A graphie method of obtaining the same result is by the use of a ‘‘nomogram,”’ | 
shown in Fig. 79 (Boothby and Sandiford) 


Recent work indicates that although there is a considerable correlation | 
between metabolic rate and body surface, it is not quite so definite as is | 
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lieated by Rubner’s ‘“‘law.’’ The figures found today for total daily heat pro- 
luction per square meter of body surface do not quite agree with those found by 
tubner (Table XLIII), and authorities in this field have suggested a power 
unction of body weight as a standard instead of the surface area. Thus Brody 
idopts W°’ as the reference base, W representing body weight in kilograms. 
Gleiber maintains that W% is more accurate. Because surface area for all ani- 
nals is approximately equivalent to W%, a value not far from those just given, 
he clinical measurements based on the DuBois formula or nomogram has been 
ound to be moderately accurate for clinical purposes. 


Influence of Age and Sex.—At birth the basal metabolic rate is said to 
e very low, but after the infant begins to gain weight the B.M.R. increases 
apidly and it is very high for the first three to six years. Thereafter the heat 
roduction diminishes with increasing age and the decrease is very gradual 
ndeed during adult life. These facts have been obtained by thousands of 
leterminations by the indirect method. As a result we have data which show 
pproximately the normal B.M.R. for any age and for either sex. Females 
lave from 2 to 12 per cent lower rates than males; adults from 10 to 12 per 
ent lower than children. The relationship of sex and age are shown in Table 
<LIV. These ‘‘normal standards’’ are occasionally revised as more determina- 
ions under earefully controlled conditions are obtained. 


TABLE XLIV 


RELATIONSHIP OF AGE AND SEX TO METABOLISM 
(THe DuBots NorMAL STANDARDS AS MODIFIED BY BoOTHBY, BERKSON, AND DUNN)* 
CALORIES PER SQUARE METER PER HOUR 








ee MALES FEMALES =e MALES FEMALES 
6 53.0 50.6 20-24 41.0 36.1 
a 52.4 49.1 25-29 40.0 35.9 
8 51.8 47.0 30-34 39.3 35.8 
9 50.5 46.1 35-39 38.7 35.6 
10 48.5 45.7 40-44 38.0 35.5 
11 47.2 45.3 45-49 37.4 34.9 
12 46.8 44.3 50-54 36.7 34.0 
13 46.5 42.9 55-59 36.1 33.2 
14 46.4 41.4 60-64 35.5 32.7 
15 46.1 40.1 65-69 34.9 32.3 
16 45.7 38.8 70-74 34.1 32.1 
17 44.8 37.8 
18 43.3 37.0 
19 42.3 36.6 





*From data in Am. J. Physiol. 116: 468, 1936. 


Other Physiological Factors.—The data mentioned were obtained in the 
nited States on individuals of the various races which make up our popula- 
ion. However, there may be some variation among races. Natives of 
ucatan have been found to have generally a higher metabolic rate than ours, 
hile some Chinese women living in America had a lower rate. White in- 
ividuals usually show a decreased metabolism when they live in tropical coun- 
ies. 

The metabolism of women fluctuates much more than that of men. Before 
enstruation the rate usually rises and after menstruation it falls. These 
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facts must be taken into consideration when studying the results of tests. It has 
also been shown that although ordinarily the B.M.R. of women is from 10 to 12 
per cent below that of men, in a very warm environment it may be from 16 
20 per cent below that of men, and in a cold climate it may be the same as in 
men. 

Normal pregnancy has little influence upon the B.M.R., although, of course, 
the total amount of heat produced will be the sum of that produced by the 
mother and the fetus. Athletes and laborers usually have a somewhat higher 
rate than other people because of a greater degree of muscular development. 

The determination of the B.M.R. in persons who are ill is best made in the 
same building where they spend the night. The excitement and disturbance 
of even a short ride is sufficient to increase the B.M.R. up to as much as 50 per 
cent. On the other hand, a person in good health may travel for an hour or 
more, rest for a half hour, and be in ‘‘basal condition.’’ The novelty of the 
experience may also be a disturbing factor. Unless the operator understands 
how to reassure the patient, a first B.M.R. test is likely to be from 5 to 10 per 
cent too high. . 

Pathological Influences 


The most important practical use for B.M.R. determinations is in the 
diagnosis and treatment of thyroid conditions. The hormone elaborated and 
secreted by the thyroid has the property of stimulating the metabolic activi- 
ties of the cells. A hypersecretion, therefore, causes an increased rate of basal 
metabolism. A hyposecretion, on the other hand, results in a lowered B.M.R. 
Before thyroid operations for hyperthyroidism, before administering the hor- 
mone for hypothyroidism, and in following the effects of operations or treat- 
ment, B.M.R. determinations are invaluable. Too much emphasis cannot be 
laid upon the necessity for careful technical work in performing these tests. 
If the operator does not comprehend the basis for the determination, he is likely 
to get completely erroneous results, either because the patient is not in a state 
of complete rest or because of lack of technical knowledge or skill. 


Fevers raise the metabolic rate. The B.M.R. increases by about 5 per cent — 
for each degree Fahrenheit above the normal body temperature. The reason 
for this is evident, since an increased body temperature is primarily due to in- | 
creased cellular activity. It is therefore imperative when doing ‘‘basals’’ to 
take the temperature of the patient. If he has a subnormal temperature, he 
should be given additional covers, hot pads, ete., to bring his temperature to 
normal. aot 
Since the adrenal gland seeretes a hormone, adrenaline, which also increases — 
cellular activity, affections of this gland may also change the B.M.R. Adrena- — 
line’s action, however, is ordinarily fleeting and this may account for the tem-_ 
porarily high rates which sometimes are encountered in nervous patients. This 
is also one of the reasons for requiring mental as well as physical repose when 
determining the B.M.R., since the emotional excitement causes increased secre- 
tion of adrenaline. In Addison’s disease, a condition in which the adrenal 
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ortex is damaged, the B.M.R. is low. This is probably not due to a lack of 
drenaline, which is produced in the adrenal medulla, but to a deficiency of the 
drenal cortical hormone. 7 

In the vast majority of cases, the B.M.R. is within normal limits. These 
re generally assumed to be from 10 per cent above to 10 per cent below the 
ormal standard for the age, sex, and surface area of the individual studied. 
‘he pathological variations mentioned may have rates varying from 40 per cent 
elow to 180 per cent above the average normal. Besides thyroid disorders, 
evers, and Addison’s disease there are a few other pathological conditions in 
rhich the basal metabolic rate may be altered. The complete list is as follows, 
ut it must be remembered that the effect on the B.M.R., except in the instances 
reviously noted, is not invariable. 


BASAL METABOLIC RATE BELOW NORMAL 
Hypothyroidism 
Addison’s disease and other types of hypoadrenalism 
Starvation and malnutrition 
Hypopituitarism 
Lipoid nephrosis 
Shock 


BASAL METABOLIC RATE ABOVE NORMAL 
Hyperthyroidism 
Cushing’s syndrome (Basophilic adenoma of the pituitary) 
Tumors of the adrenal gland 
Fever 
Leukemia 
Polycythemia 
Anemia 
Essential hypertension 
Myocardial insufficiency 
Diabetes insipidus 


Effect of Thiouracil on the Basal Metabolic Rate.—The specific action of thiouracil 
nd related compounds upon the thyroid gland will be discussed in Chapter 23. It may be 
ointed out here, however, that this action results in a reduction of the basal metabolic rate. 
[ence, any pathological effect due to a high B.M.R. may be treated by using this drug, pro- 
ided the underlying cause is a hyperthyroidism. The opposite effect, i.e., an increase in the 
.M.R., is produced by the administration of thyroxine or related substances (page 615). 
his may also be accomplished by certain drugs, notably dinitrophenol. 


Obesity.—The deposition of excess fat in the body has led to many 
llacious ideas on the subject. One frequently is told that a certain stout per- 
n eats very little, that it is his ‘‘nature’’ to be fat, that he has an endocrine 
ndition, ete. There is no way of avoiding the fact that the law of conserva- 
on of matter and energy holds for the fat as well as for the thin. If intake 

food exceeds output of the equivalent amount of heat and energy, fat must 
stored (as well as glycogen and protein). The only exceptions are those 
nditions in wlfich the food is not digested or absorbed properly. Such a state 
affairs may account for the lack of adiposity which some heavy eaters exhibit. 
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But if food is normally digested and absorbed and the calories ingested equal the 
total calories expended, there will be no appreciable change in weight. Why, 
then, is there a tendency to ‘‘put on weight’’ with increasing age? The answer 
is that the basal metabolic rate decreases as one gets older. Less food is needed, 
but the food habit or appetite remains. There is also the tendency to exerci 
less. Hence, less of the food intake is utilized and it is therefore stored chiefly 


¢ 


as fat. 

Another puzzling fact is the inability to lose weight frequently experience 
by obese individuals when they go on a reducing diet. This has been explained 
by Newburgh in careful water balance experiments. Obese patients on a 
ducing diet frequently do not lose weight for as long as two weeks. Sometimes 
they even gain weight. This is due to a retention of water by the tissues. After 
a time, however, the water is eliminated and the weight drops. Fig. 80 “ 


a typical graph. 
; 
1 


Leica se: 





Fig. 80.—Weight chart of an obese patient : ing di i i ight 

i é é » patient on a reducing diet. The increases in weight 

ee to follow the predicted weight line are anoribed to addition and retention 
y the tissues. (From Newburgh, L. H.: Physiological Rev. 24: 18, 1944.) 


Several endocrine conditions, other than those already mentioned, are com- 
monly believed to be associated with a pathological state of obesity. This can 
only mean that they influence the appetite, since there are very few cases of 
abnormally low B.M.R. among them. Indeed an abnormally low metabolism is 
as common among thin as among fat people. However, abnormalities of the 
endocrine system do affect the distribution of adipose tissue and the conforma- 
te a the figure can thus aid in diagnosing the type of endocrine dysfunction — 

Sonn). | 


Specific Dynamic Action of Foods 


If a person’s basal metabolic rate is known, one would expect that the 
Ingestion of the amount of food corresponding to this value would result in the 
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roduction of this same quantity of heat, provided the subject remained at rest. 
‘he fact is that a greater amount of heat is put out than is represented by the 
alories ingested. For example, if the basal metabolie output is 1,800 Cal. in 
wenty-four hours, or 900 Cal. in twelve hours, the ingestion of food equivalent 
> 900 Cal. will result in an output during the next twelve to eighteen hours of 
erhaps 950 Cal. To furnish this extra energy, food stores of the body must be 
rawn upon. ‘This is called the ‘‘specifie dynamic action’’ (S.D.A.) of foods. 
rotein has the greatest specific dynamic action, amounting to about 30 per 
ent; carbohydrate causes an increase of about 5 or 6 per cent; and fat about 
per cent. Ordinarily the specific dynamic action of all together amounts to 
bout 6 per cent of the basal metabolic rate. Recent experiments of Forbes 
nd his associates emphasize the fact that the specific dynamic action of any 
mbination of foodstuffs is not the sum of their individual values but is in- 
ariably less. Furthermore, when such mixtures are fed, protein does not 
ominate the specific dynamic action as was formerly believed. Fat seems to be 
ore potent than either of the other two nutrients and apparently confers 
onomy of utilization upon the food mixtures in which it occurs; ie., it lowers 
le specific dynamie action (S.D.A.) to a greater extent than does either of the 
hers. 


The explanation for the specific dynamic action is not clear. It cannot be 
ue to a production of heat as a result of digestion, because the feeding of the 
roducts of digestion are just as effective as the undigested substances. In 
ict, the intravenous injection of the amino acids gives rise to a specific dynamic 
fect of the same order as results from feeding. Recent studies indicate that 
le specific dynamic action of the various amino acids is best correlated with the 
etabolizable energy of the individual amino acid (Kriss). That is, it is not 
lated to the nitrogen but rather to the nonnitrogenous fraction. This under- 
es oxidative and synthetic changes which liberate heat. In other words, this 
sat is evolved during the intermediary metabolism of the carbon chains. The 
D.A. of glucose is increased if thiamine is administered at the same time. Now, 
nee thiamine stimulates the formation of fat from glucose, Ring concludes that 
ie S.D.A. of glucose is due to the energy required to prepare it for deposition 
‘fat. Possibly this is the explanation of the 8.D.A. of all foodstuffs; i.e., the 
lergy required to prepare the nonnitrogenous parts of the molecule for storage. 

Isodynamic Law.—Rubner formulated a ‘‘law’’ to the effect that the 
fferent foodstuffs may replace each other in the diet for energy as well as 
r heat production in proportion to their calorific value; that is, a certain 
unber of calories in a given food is equivalent to the same number of calories 
‘any other food, regardless of the proportion of protein, carbohydrate, and 
t. Although this is true in a general way, it must not be forgotten that pro- 
ins are in a class by themselves and must be provided in every diet in a suit- 
le amount and of the proper quality. One cannot, therefore, substitute earbo- 
ydrate and fat for protein, even though their total caloric value is the amount 
seded. Nor would it be wise to make up a diet of protein and either earbohy- 
‘ate or fat. Unusually large amounts of carbohydrate might lead to alimen- 
ry glycosuria, while an overabundance of fat in the diet might cause ketosis. A 
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mixture of the three is more physiological. Carbohydrate is a better proteir 
sparer than fat and is usually the least expensive of the foodstuffs. It has 
recently been found that when the percentage of fat in a diet is varied, while 
maintaining equal quantities of energy and protein, the animals exhibit certain 
differences in nutritional behavior. For instance, with a higher fat diet there 
is a better economy of food utilization and an increased activity. (Forbes; 
Black.) However, the concept of isodynamic equivalence is a very useful one 
from a dietetic standpoint. ‘‘One hundred Calorie portions’’ are commonly 


given in food tables or demonstrations and aid materially in computing diets 


INFLUENCE OF MUSCULAR WORK UPON TOTAL METABOLISM 


Muscular work is accomplished by the body at the expense of increased 
metabolism. The potential energy of the foodstuff is transformed into the free 
energy of work and the energy of heat. The latter, as has been seen, is greater 
than the former, and although the body is a good machine, as machines go, it ig 


TABLE XLV 
ENERGY EXPENDITURE PER HouR UNDER DIFFERENT CONDITIONS OF MUSCULAR ACTIVITY* ~ 


CALORIES PER HOUR 
FORM OF ACTIVITY 


PER PER PER 
70 KILOGRAMS KILOGRAM POUND 
Sleeping 65 0.93 0.43 
Awake lying still 77 1.10 0.50 
Sitting at rest 100 1.43 0.65 
Reading aloud 105 1.50 0.69 
Standing relaxed 105 1.50 0.69 
Hand sewing HL 1.59 0.72 
Standing at attention 115 1.63 0.74 
Knitting (23 stitches per minute on 116 1.66 0.75 
sweater ) 
Dressing and undressing 118 1.69 0.77 
Singing 122 1.74 0.79 
Tailoring 135 1.93 0.88 
Typewriting rapidly 140 2.00 0.91 
Ironing (with five-pound iron) 144 2.06 0.93 
Dishwashing (plates, bowls, cups, and 144 2.06 0.93 
saucers ) 
Sweeping bare floor (38 strokes per minute) 169 2.41 1.09 
Bookbinding 170 2.43 1.10 
‘‘Light exercise’’ 170 2.43 1.10 
Shoemaking 180 2.57 117 
Walking slowly (2.6 miles per hr.) 200 2.86 1.30 
Carpentry, metalworking, industrial paint- 240 3.43 1.56 | 
ing 
‘* Active exercise’’ 290 4.14 1.88 
Mie eats fast (3.75 miles per 300 4.28 1.95 
our 
Walking down stairs 364 5.20 2.36 
Stoneworking 400 5.71 2.60 
‘*Severe exercise’’ 450 6.43 2.92 
Sawing wood 480 6.86 3.12 | 
Swimming : 500 7.14 3.25 | 
Running (5.3 miles per hour) 570 8.14 3.70 . 
‘Very severe exercise’? 600 8.57 3.90 | 
Walking very fast (5.3 miles per hour) 650 9.28 4.22 
Walking up stairs 1100 15.8 7.18 








*Compiled by M. S. @ Jherm: Mult tas : Poh 
New York nodd, ae Pe ented peg Sherman, H. C.: Chemistry of Food and Nutrition, ed. & 
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ill quite uneconomical. Therefore, in order to perform the work, or exercise, 
e organism must have potential energy for the work and for the excess heat 
hich is simultaneously liberated. A man sitting quietly has a total metabolism, 
. the average, of about 100 Cal. per hour. When he stands up, his metabolism 
creases by about 10 per cent because of the greater tonus of the muscles, and 
he engages in active work it may increase to 300 Cal. or more per hour. The 
pe of work, or exercise, will influence the total amount of energy output, heavy 
ork requiring more energy than light. From Tables XLV and XLVI one can 
e how various types of activity affect the total energy expenditure. Table 
LVII shows similar figures but in a different way; here the extra Calories, 
, the amount above the basal rate, are shown, whereas in Tables XLV and 
LVI the figures are for the total calorie output. 


TABLE XLVI 


TOTAL CALORIC REQUIREMENTS FOR TWENTY-FouR Hours* 


MALES CAL. FEMALES CAL. 
Shoemaker 2,000-2,400 Seamstress (needle) 1,800 
Carpenter or Mason  2,700-3,200 Seamstress (machine) 1,900-2,100 
Farmers 3,200-4,000 Household servants 2,300-2,900 
Lumberman 5,000 or more Laundress 2,600-3,400 


*Data from Tigerstedt and from Lusk. 


is thus easy to understand why different types of workers will liberate 
rying amounts of energy and will therefore require different amounts of 
lories in their diets. 


INFLUENCE OF MENTAL WORK UPON TOTAL METABOLISM 


Mental work results in very little increase in total metabolism. Benedict 
und, for instance, that the effort involved in solving mathematical problems 
ereased metabolism by only 3 or 4 per cent. This does not mean that the 
atabolism of brain is low. In fact, just the opposite is the case. Brain tissue 
s a high basal metabolism amounting to about one-tenth of that of the entire 
dy, but the additional work which it performs in thinking does not result in 
ich of an increase over this high basal figure. 


INFLUENCE OF SLEEP 


During normal sleep the muscles are relaxed and the total metabolisn. 
correspondingly low. It is usually 10 per cent below the basal metabolic rate. 
fact, if the metabolic rate could be determined routinely during sleep, this 
ild be the true basal metabolic rate, since it is the physiological minimal rate. 
nee this is usually not possible, the conditions previously outlined are always 


vised. 
TOTAL HEAT PRODUCTION 


All of the factors which go to make up the total heat production of an 
dividual may now be listed. From such calculations figures like those in 
‘ble XLVI have been obtained. Take, for instance, the figures for a car- 
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penter. From a determination of the basal metabolic rate we get, say, 1, 
Cal. Then from Table XLVII it may be seen that he expends 164 Cal. per ho 
while working eight hours, and it may be assumed that he expends 74 Cal. p 





Basal Metabolism—24 hr. 1,500 Cal. 
pehoaks Bien "-50 Cal. for sleep (10 per cent of 

basal for eight hours) 
8 hours work 1,312 Cal. (8 x 164) : 
8 hours sedentary or light exercise 592 Cal. (8 x 74) ‘ 
Specific dynamic factor 90 Cal. (1,500 x 0.06) 


3,444 Cal. 4 


hour (20 per cent above basal) during the remaining eight hours. During sleep 
there is a diminished heat production, and the specific dynamic factor adds 
about 6 per cent of the B.M.R. 

Using the data in Table XLV, also for a man engaged in carpentry, we 


get: 
3 8 hours sleep at 65 Cal. 520 Cal. { 
2 hours light exercise at 170 Cal. 340 Cal. 
8 hours carpenter work at 240 Cal. 1,920 Cal. 
6 hours sitting at rest at 100 Cal. 600 Cal. 
Specific dynamic action 90 Cal. 
Total 3,470 Cal. 


The two hypothetical carpenters, therefore, have about the same total calorie 
output. In the first case we began with a basal output and added and subtracted 
the additional energy factors. In the second, the total calorie output per hour 
was tabulated plus the specitic dynamic factor. 


TABLE XLVII 


EXTRA CALORIES OF METABOLISM ATTRIBUTABLE TO OCCUPATION* 





—____——_— 





EXTRA CALORIES PER HOUR 





Occupations of men 


Tailor 44 
Bookbinder 81 
Shoemaker 90 
Metalworker, filing and hammering 141 
Carpenter making a table 164 
Stonemason chiseling a tombstone 300 
Man sawing wood 378 
Occupations of women 
Seamstress, needlework 6 
Typist, fifty words per minute 24 
Seamstress, using sewing machine 57 
Housemaid, moderate work 81 
Laundress, moderate work 124 
Housemaid, hard work 157 
Laundress, hard work 214 





*After Harrop. 


METABOLISM OF CHILDREN 


The total metabolism in childhood is relatively much greater than iI 
adult life. There is, in the first place, the high basal metabolie rate of child-| 
hood. In addition, the physical activity of children is usually greater, despite 
the fact that their period of sleep is longer than that of the adult. Their games 
and play involve a tremendous amount of muscular exercise. The food intake, 
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erefore, must cover these caloric needs in addition to the extra food required 
t growth. A child of 12 years consequently needs about the same amount of 
od as an adult, while an active boy of 16 years requires 3,800 Cal. or more 
lay. 

PRACTICAL CONSIDERATIONS 


Having in mind the various factors mentioned, it should be possible to 
leulate roughly the number of calories required by a given individual. The 
sal metabolic rate for normal persons can be estimated from Table XLIV, 
the subject’s height and weight are known. Although the normal person's 
M.R. may be up to 10 per cent above or below this “standard normal” value, 
d although the B.M.R. for a given individual is not constant from day to 
y, one can get a rough idea of that factor. According to duBois and Cham- 
rs, one may add 10 per cent to the B.M.R. to estimate the calorie requirement 
a person quiet in bed; 30 per cent for a moderately active patient; and 50 
r cent for a patient out of bed but indoors and moderately quiet. For activi- 
Ss of normal subjects Tables XLV, XLVI, or XLVII, may be used as men- 
ned previously. 

The Food and Nutrition Board of the National Research Council has made 
commendations, which are summarized in Table XLVIII (see also Table 
XIX, page 326). 

TABLE XLVIII 


ToTAL CALORIC REQUIREMENTS 


CALORIES PER DAY 





MALES FEMALES 

Moderately active 70 Kg. 3,000 56 Kg. 2,400 
Very active 70 Kg. 4,500 56 Kg. 3,000 
Sedentary 70 Kg. 2,400 56 Kg. | 2,100 

Children, up to 1 yr. 110 per kg. 110 per kg. 
2 yr. 1,200 1,200 
5 yr. 1,600 1,600 
8 yr. 2,000 2,000 
LD yt 2,500 2,500 
13-15 yr. 3,200 2,600 
16-20 yr. 3,800 2,400 





In normal people, appetite will generally regulate the intake of food so as 
provide enough for caloric needs, replacement, growth, ete. However, in 
ease and obesity it is a poor guide indeed, and the physician and nutritionist 
st have in mind the basic principles in order that the approximate require- 
nts of the individual are met. 
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Chapter 22 


CHANGES IN THE CHEMICAL COMPOSITION 
Sra bLOOD 


, The effects of various physiological and pathological factors upon the com- 
sition of the blood have been discussed in several connections. They will now 
» collected, and other facts in the same category will be added for their 
Stematic study. The investigation of ‘‘blood chemistry’’ has grown tremen- 
usly in the last quarter century and has proved a great aid to the physician 
d surgeon. The chief reason for this remarkable advance has been the de- 
lopment of analytical methods, most of them colorimetric, for the determina- 
m of the minute amounts of substance present in the small samples of blood 
dinarily available. For example, creatinine is found in normal blood in a 
neentration of 1 or 2 mg. per 100 ml. of blood. The quantitative analysis of 
eatinine can easily be performed on 1 ml. of blood; i.e., an amount containing 
2m 0.01 to 0.02 mg. of creatinine! These methods have been developed by a 
mber of biochemists, beginning with Folin, and including, among many others, 
R. Benedict, van Slyke, Hagedorn and Jensen, Wu, Myers, Kramer and Tis- 
ll, Somogyi, Bloor, and Knudson. The information which these methods yield 
particularly valuable in many conditions in which other laboratory procedures 
2 ineffective. Cytology, serology, and bacteriology are of little help in diabetes, 
ut, nephritis, and acidosis. By the same token, the methods of blood chemistry 
2 only useful to a limited degree in the differential diagnosis of infections, 
Oplasms, or allergies. 


GENERAL COMPOSITION OF BLOOD 


There is no need to repeat what was said in Chapter 8 concerning the rela- 
ns of serum, plasma, and the formed elements. The following constituents 
» found in whole blood, some in the plasma, some in the formed elements, and 
ne in both. 


Water 

Gases—O,, CO,, and N, 

Proteins—Serum albumin, serum globulins, fibrinogen, hemoglobin 

Lipids—Fat, cholesterol, cholesterol esters, lecithins 

» Carbohydrates—Glucose, perhaps others 

Nitrogenous products—Urea, uric acid, creatine, creatinine, ammonium salts, amino 
acids 

Inorganic salts— 
(Positive radicals) Na, K, Ca, Mg, NH, 
(Negative radicals) Cl, CO,, HCO;, PO,, SO, 

Lactic acid 

Ketone bodies 

Enzymes 

Bile pigments, bile salts, etc. 
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The composition of normal blood, that is, the usual range of values fou n 
under standard conditions, is given in Table XLIX. ‘‘Standard conditions 
means that the subject has been on an ordinary mixed diet and the blood samp 
is taken before breakfast (that is, from twelve to sixteen hours after the la 
meal), with no undue exertion or excitement. 

Problems of Analysis.—The methods of drawing blood and its analysis d 
not come within the province of this volume. Venous blood is most common 
employed, but arterial blood has occasionally been used, and if micromethod 
are available, small amounts may be taken from the finger, ear lobe, or, in 


TABLE XLIX 


COMPOSITION OF NORMAL HUMAN BLOOD (POSTABSORPTIVE STATE) * 


















WHOLE BLOOD 





GM. PER CENT 























































Total solids 19-23 
Water 77-81 
Hemoglobin 

Adult males 15.8 

Adult females 13.8 

Children 12.0 
Total nitrogen 3.5 

VOL. PER CENT 
Carbon dioxide content (venous) 50-60 
Carbon dioxide content (arterial) 45-55 
Oxygen capacity 16-24 
Oxygen content (venous) 10-18 
Oxygen content (arterial) 15-23 
MG. PER 100 ML. 
Uric acid 2-3.5 
Creatinine 1-2 
Creatine ater) 
Glucose 70-120 
(depending on method used) 
Total fatty acids 00-400 
Cholesterol 150-190 
Total acetone bodies (as acetone ) 1-5 
Iron 52 
Nonprotein nitrogen 25-35 
Urea 22-33 ; 
Urea nitrogen 10-15 } 
Amino acid nitrogen 5-8 ‘ 
Ammonia nitrogen 0.1-0.2 % 
Undetermined nitrogen 4-10 2 
Lecithin (as lipid phosphorus) 10-12 « 
Chloride (as sodium chloride) 450-500 Z 
Lactie aeid 0-20 
PLASMA MG. PER 100 Mt. MEQ. PER LITER 

Fibrinogen 200-400 
Inorganic phosphorus 

Adults 3-4.5 

Children 4-6 
Chloride (as sodium chloride) 580-630 

(as Na) 226-248 

(as Cl) 352-382 
Carbon dioxide capacity 55-75 volumes per cent 

SERUM PER CENT 

Total protein 6.5-8.5 
Albumin 3.6-5.4 
Globulin 1.5-3.4 









*Revised from Kleiner, I. S., and Dotti, Uy Ba: 
ea. 3; St. Louis) 1961,, The C> ve Mosby Co. 





Laboratory Instructions in 
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TABLE XLIX—Cont’p 


















































SERUM UNITS PER 100 ML. 
Amylase, Somogyi 80-160 
Acid phosphatase, Gutman 0.5-2.0 
Acid phosphatase, King 1.4-4.5 
Alkaline phosphatase (Bodansky units) 
Adult 2-3.5 
Child 5-14 
Alkaline phosphatase (King units) 
Adult 5-10 
Child 15-20 
Icteric index 4-6 
MG. PER 100 ML. MEQ. PER LITER 
Bilirubin, indirect 0.2-0.8 
Calcium 9-11 4.5-5.5 
Cholesterol, total 150-300 
Cholesterol, ester 105-210 
Ester: total (ratio) 0.7 
Creatinine 1.0-1.8 
Tront 0.028-0.210 
Sulfate, inorganic (as S) 0.9-1.1 0.6-1.1 
Phosphate 3-4.5 1-2 
Magnesium 1.0-3.0 0.9-2.5 
Potassium 16-22 4.1-5.6 
Sodium ; 310-333 135-145 
Uric acid 3.0-5.0 
RED BLOOD CELLS 
Hemoglobin } 35% 
MG. PER 100 ML. 
Potassium 420 
Sodium 25 
Magnesium ; 6.6 
Calcium Small amount 
VITAMINS 
Niacin 0.35-0.53 mg. per 100 ml. of blood 
Ascorbic acid 0.7-2.5 mg. per 100 ml. of blood 
Thiamine plus cocarboxylase 10 gamma per 100 ml. of blood 
Thiamine 1 gamma per 100 ml. of plasma 
MISCELLANEOUS CONSTITUENTS* MG. PER 100 ML. 
Copper (plasma or serum) 0.086-0.161 
Fluorine (whole blood) 0.28 
Iodine (protein bound) (plasma or serum) 0.006-0.008 
Lead (whole blood) 0.009-0.05 
Manganese (whole blood) 0.005-0.02. 
Silica (soluble) (whole blood) 1.5 (as SiO,) 
Silica (total) (whole blood) 9.0 (as SiO;) 
Zine (plasma or serum) 0.12--0.48 





*Krebs. H. A.: Chemical Composition of Blood Plasma and Serum, Ann. Rey. Biochem. 
409, 1950. 

case of babies, from the heel. Unless serum is desired, clotting must be 
vented. This is accomplished by using a slight excess of sodium, potassium, 
‘ithium oxalate, sodium citrate, or sodium fluoride. In some instances the 
9d should be taken under oil to prevent the loss of gases. Analysis should 
begun promptly because some of the constituents are altered on standing. 
-most determinations the proteins must first be removed. This is not the case, 
course, when the proteins themselves are to be determined, nor for the 
maton of the gases. A number of protein precipitants are useful in this 
nection, e.g., picric acid, zine hydroxide, alcohol, but the one which is most 
rsatile’’ is tungstie acid (sodium tungstate with sulfuric acid). This is the 
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precipitant employed in the Folin-Wu procedure, and the clear colorless filtra 
may be used for a number of different determinations. Neuberg and associa 
have recently proposed the use of perchloric acid, HC1O,, as a protein precipitan 
because it alone possesses all of the following properties. It precipitates o 
proteins, it does not interfere with the analysis of any known constituent 
plasma, it may be removed easily if present in excess, and it is not costly 0 
dangerous to use. 

In blood chemistry it is the concentration of the substance under investigs 
tion which is of interest. Therefore results are expressed in percentage (ie, 
grams per 100 ml. of blood or serum); in milligrams per 100 ml. of blood; in 
the case of gases, as milliliters of the gas per 100 ml.; and in the ease 
trace constituents, in gamma per 100 ml. y 


GLUCOSE 


The carbohydrate of blood is generally accepted to be p-glucose. There 
may be traces of other sugars present, and there are undoubtedly other reducing 
substances present which react with the reagents most commonly employed. 
Several recent methods give results, which more nearly resemble the ‘“‘true 
sugar’’ values. This can be obtained most accurately by determining the total 
reduction by any good method, then subtracting from this the amount of redue- 
tion which remains after a second sample has been subjected to fermentation by 
yeast. The older methods give results for normal blood varying from 90 to 120 
mg. per 100 ml. (0.090 to 0.120 per cent); fhe newer methods give slightly lower 
results, namely, 70 to 100 mg. per 100 ml., which is probably nearer the true 
sugar value. These figures, of course, refer to the composition of the blood be- 
fore breakfast, after a twelve- to sixteen-hour fast. Half an hour to two hours: 
after a meal the glucose may rise to 120 mg. or even higher (see Fig. 50, Chapter’ 
16). If the meal is particularly rich in carbohydrate, a value as high as 160 mg. 
may be found. The need for taking blood under fasting conditions is evident. 
Excitement, pain, and other emotional disturbances tend to raise the level, 
while starvation lowers it. 


Pathologically, blood sugar values above normal, i.e., hyperglycemias, are 
more frequently encountered than those below normal, or hypoglycemias. In mild 
diabetes mellitus, the blood Sugar is likely to range from 100 to 200 mg., and 
severe cases show values from, say, 250 mg. upward. Values of 300, 400, 500 mg. 
In untreated patients are not uncommon, and figures even in excess of 1,000 mg. 
have been observed. Usually at about a level of 160 mg. the sugar ‘‘spills’’ over 
into the urine; that is, the amount of sugar which passes through the glomerulus 
1s too great for the absorbing mechanism of the tubules. However, sometimes the 
“renal threshold’’ is raised and values of 200 mg. or more are found in whieh 
no glucose is excreted in the urine. It is quite apparent that urinary sugar 
analyses cannot give as definite information regarding the metabolic condition 
of a diabetie patient as blood analysis. The physician today follows the result 


of his treatment of a diabetic patient by having the blood sugar determined at 
suitable intervals. 
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An increased activity of the islands of Langerhans is seen in hyper- 
asia of this tissue. Thus, in adenoma or carcinoma of islet tissue there 
curs hyperinsulinism which causes marked hypoglycemia. Surgical removal 
the tissue may result in cure. 

The pancreas also contains a hyperglycemic factor, called by deDuve, 
GF, and recently designatec ““glucagon.’’ (See page 435.) This is found 
most insulin preparations. It causes a transitory rise in blood sugar if the 
sulin is injected intravenously and if there is an adequate store of liver 
yeogen. It has no hyperglycemic effect after subcutaneous injection. 

In renal diabetes or renal glycosuria, a glycosuria oceurs with no deviation 
the blood sugar from normal. This is a relatively uncommon condition. The 
ult is not one of metabolism, since the blood sugar never rises appreciably. 
parently either the glomerulus permits glucose to pass more freely or the 
ules do not absorb it at a normal rate. Whatever the reason, the threshold 
lowered. Some of the criteria, upon which a diagnosis may be based, dif- 
entiating renal diabetes from diabetes mellitus, are: (1) fasting blood sugar 
thin normal limits, (2) a normal or below normal glucose tolerance curve, (3) 
icose present in urine voided before and after meals, and (4) no effect upon 
rcosuria by injection of insulin. 

The blood sugar level is changed in certain other conditions. In nephritis 
is often raised to perhaps 160 to 170 mg., and is rarely over 200 mg. How- 
r, a hyperglycemia of this sort is not easily mistaken for diabetes mellitus. 
e clinical picture is different and the urine is usually free from glucose, even 
a glucose tolerance test is made. Such a test will often aid in diagnosis. 
2e page 437.) 

Since some of the effects of pituitary secretion are in opposition to the 
ct of the pancreas, we find hyperglycemia in acromegaly (hyperpituitarism), 
1 hypoglycemia in later stages of the same condition, when there is a di- 
nished gland function. Neither is very pronounced. 

Hyperthyroidism results in hyperglycemia in a small percentage of all cases. 
is said to be due to increased hepatic glycogenolysis. Since the basal metabolic 
e is high in such conditions, the increased metabolic activity usually takes 
e of the abundance of glucose. It is only when glycogen is in great excess in 
liver that the blood sugar can rise much above the normal levels in hyper- 
roidism. Many hyperthyroid patients show some glycosuria, however, what- 
r the level of glycemia. Surgical removal of thyroid tissue usually brings the 
bohydrate metabolism back to normal. Hypothyroidism is frequently accom- 
lied by hypoglycemia, and administration of thyroid gland preparations 
ses the level to normal again. 

Hyperglycemia may occur in increased intracranial pressure, as a result, 
example, of skull fracture, cerebral hemorrhage, or brain tumor. This, per- 
8, may have an origin similar to that of Claude Bernard’s piqire experiment. 
bably through nervous stimulation adrenaline is released and glycogenolysis 
timulated. 

The ‘‘general adaptation,’’ or stress, syndrome is responsible for many 
erglycemic reactions. (See page 637.) As a result of pain, fear, cold, in- 
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fection, or other stresses, there is an increased secretion of the adrenocorti y 
trophic hormone. This, in turn, stimulates the adrenal cortex to put out mor 
‘‘olucocorticoids,’’ the steroids which have a blood sugar-raising effect. For 
the increased metabolism which takes place in fever, a supply of fuel is re. 
quired, hence the increase in blood glucose, which occurs in infections, us 
ally accompanied by fevers, is a fortunate circumstance. 

The hyperglycemias which occur in ether and chloroform anesthesia are due 
to increased epinephrine secretion, leading to heightened glycogenolysis. Mor- 
phine has a similar effect, and probably the hyperglycemia of asphyxia is ex- 
plained on the same basis. ‘ 

Hypoglycemias are frequently encountered in conditions in which the 
liver is considerably involved. Such a state may result from phosphorus, 
chloroform, or carbon tetrachloride poisoning. Acute yellow atrophy of 
the liver, acute diffuse necrosis of the liver, and carcinoma of the liver 
similarly cause very low blood sugar values, because of the extensive destrue- 
tion or disabling of the liver cells, with a consequent deleterious effect upon 
glycogenesis and glycogenolysis. In severe burns a marked hypoglycemia may 
occur. -Toxie products are known to circulate as a result of burns, but just 
how these affect carbohydrate metabolism is not understood. Hypoglycemia 
may be found in newborn infants of diabetic mothers, even to the extent of 
causing convulsions. The explanation is interesting. It is suggested that the 
pancreas of the fetus, while in utero, has been stimulated to furnish the 
mother with insulin in addition to providing for its own needs. It continues 
this hypersecretion after birth, and before adjustment to its own normal state 
can take place, the excess of insulin produces the dangerous fall in glycemia. 


NONPROTEIN NITROGENOUS CONSTITUENTS 


Except for the amino acids, the nonprotein nitrogenous constituents are 
waste products, and these are of great importance from a clinical standpoint. 
The amounts present normally are as follows: 

MG. PER 100 ML. BLOOD 


Total nonprotein nitrogen 25-35 

Urea nitrogen 10-15 

Creatinine 1- 2 

Uric acid 2- 3.5 

Creatine 3- 7(?) 

Amino acid nitrogen 5- 8 | 

Ammonia nitrogen 0.1- 0.2 . 

Undetermined nitrogen 4-10 
‘ 
: 


Total Nonprotein Nitrogen 


The total nonprotein nitrogen is sometimes determined in order to get 
some idea of the retention of nitrogenous products generally. However, it iS! 
apparent that a small deviation, such as 2 mg., from the normal 25 to 35 mg-§ 
would not be at all significant, But these small deviations might be due to 
real changes in uric acid or creatinine which would be important if they 
were known. Since the procedure for the determination of the total nonprotein 
nitrogen (N.P.N.) is not as simple as that for urea, for example (which has 
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out the same significance), the former determination is not being called for 
ry often at present. Urea, urie acid, and creatinine are the constituents of 
eatest moment and have been extensively studied. 


Blood Urea 


Blood urea is usually expressed as ‘‘urea nitrogen.’?’ The normal 
nge is from 10 to 15 mg. urea N per 100 ml. of blood. Some authorities 
id an even narrower range, namely, 12 to 15 mg., and recently it has 
en shown that there is a correlation between age and urea concentration, 
e€ urea increasing from middle age to old age. An increase in the concentra- 
m above normal is due to one of the following factors: (1) failure of the 
dy to eliminate urea; (2) excessive urea formation (i.e., increased protein 
tabolism) ; and (3) concentration of the blood (i.e., dehydration). These three 
schanisms are often interlinked; that is, more than one may be operating at the 
me time. 

In nephritis, that is, glomerulonephritis, there is a net diminution in 
e filtration of urea. Less urea is eliminated and blood urea consequently 
es. This usually does not oceur unless the kidney lesion is rather severe. 
urea N of 20 or 25 mg. should be viewed with suspicion, but since the level 
urea fluctuates more than that of uric acid or creatinine, it may not be an 
equivocal indication of renal dysfunction. In the terminal stages of chronic 
phritis or in severe acute attacks, values as high as 200 mg. may be found. 

Urea elimination is, of course, diminished whenever urine formation is in- 
‘fered with. This may be caused by physiological hindrance to flow, as occurs 
obstruction of the ureters; in bichloride of mercury poisoning, which blocks 
nal secretion; and in heart and circulatory disturbances, with their effects up- 
the blood supply to the kidney. In the same category would come any condi- 
n in which there is actual destruction or loss of renal tissue. The blood urea 
ll rise in all such eases, but if the normal state can again be restored, even 

part, it will be reflected in a lowering of the blood urea level. 

In many eases it is important to have some means of evaluating the ability 
the kidney to remove waste products from the blood. Several ‘‘kidney func- 
n’’ tests have been devised for this purpose, and many of them utilize blood 
ea determinations as part of the routine. The urea clearance test and the ratio 
blood urea to blood N.P.N. are among these and are described in Chapter 25. 

Intensified protein metabolism, with normal or subnormal urea elimination, 
ll result in a higher blood urea. Usually increases in blood urea originating 
this way are not as great as from nonelimination. Extremely high protein 
ake might result in such an increase, which would soon fall to a lower level 
er resumption of a normal dietary. Similarly, the increased catabolism of 
ly protein may have the same effect. Toxic and febrile conditions which cause 
yreakdown of tissue protein are often accompanied by high blood urea concen- 
tions. The high blood urea which follows a severe hemorrhage, or continued 
norrhage into the stomach or duodenum is partly explained on the same 
sis, although other factors may play some part, such as impairment of renal 


iction and dehydration. 
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Dehydration of the blood, caused by loss of body fluids, is acco 
panied by an increase in blood urea. This is only partly a result of t 
concentration per se; that is, the fact that the normal amount of urea ; 
dissolved in a smaller amount of fluid. Perhaps more important is the impaiz 
ment of renal circulation which goes hand in hand with a more concentrated 
blood. Examples of conditions which result in dehydration are excessive sweat. 
ing, vomiting, and diarrhea. This is also probably the major reason for the 
high blood urea which follows intestinal obstruction and which is the most con- 
stant blood change noted in that condition. Obstruction may be present for 
some time before the blood urea rises, i.e., the increase in blood urea is secondary 
to the obstruction. A marked loss of fluid into the gastrointestinal tract, usually 
with persistent vomiting, always accompanies intestinal obstruction. As a 
result, dehydration occurs with elevation of the blood urea. Similarly, in 
surgical shock, in Addison’s disease, and in all other syndromes involving blood 
concentration there is seen an increase in urea. 

The blood urea is seldom found to be much below normal. Values as low 
as 5 to 10 mg. per 100 ml., however, may occur when there is extensive liver 
damage, since the liver is the site of urea formation. This is more likely to be 
the case in acute conditions, such as acute yellow atrophy of the liver and the 
hepatie poisonings, than in chronic states, because in the latter there is usually 
some normal hepatic tissue to carry on for the rest of the organ. In diuresis, 
the large urine volume carries urea with it and, since this substance is not 
actively reabsorbed by the tubules, the blood urea is bound to fall. In un 
controlled diabetes mellitus the diuresis results in subnormal values, but in 
diabetic coma the acidosis has an opposite effect because of the inhibiting 
action of the acetone bodies upon the kidneys. Another condition with slightly 
low blood urea values is lipoid nephrosis. 

In normal pregnancy the urea nitrogen seems to fall slowly until about the 
eighth month, after which it rises slightly. During the last three or four months, 
values as low as 6 mg. may be encountered. The cause of this is not understood. : 
It may indicate that the amino acids are being utilized by the fetus instead of. 
being deaminized and converted into urea by the liver. 


URIC ACID 


The normal urie acid range is usually stated to be about 2 to 3.5 mg. 
per cent for whole blood. However, this is not all uric acid; and these) 
figures are about one-third too high. It is much more accurate to use serum’ 
for uric acid determinations because the cells contain more of the substances! 
which react like uric acid to give the high values. Moreover, most of the uri¢! 
acid is in the serum and most of the fluctuations occur there. Serum urie acid: 
normally varies from 3.0 to 5.0 mg. per 100 ml., with an average normal values 
of about 4 mg. per cent. . 

Although uric acid is the end product of nueleic acid, and, in particular, of 
purine metabolism, the ingestion of large amounts of purine-yielding foods hasi 
very little effect upon the blood urie acid normally. Moreover, under normal 
conditions no other factors seem to affect this level appreciably. Violent musel- 
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r exercise raises it slightly, at most 1 mg. In normal pregnancy there is no 
ange until the onset of labor, when there is a temporary increase of 1 or 2 mg. 
le cause is not known. In starvation the blood uric acid may be considerably 
ereased up to as much as 10 mg. This is believed to be due to the accelerated 
struction of tissue cells, which occurs in starvation, and to an inhibition of 
ie acid excretion by the kidneys. The latter probably results from the acidosis, 
ich always accompanies starvation. 

Abnormally, the blood urie acid may be increased for one, or more, of three 
isons. There may be (1) a diminished excretion of uric acid, (2) inereased 
oduction of urie acid, or (3) diminished destruction of urie acid. Folin 
owed that when uric acid was administered intravenously, an average of 50 
r cent was destroyed. 

Diminished excretion of urie acid is seen in nephritis. According to Myers, 
ne, and Lough, there is a definite order in which uric acid, urea, and creatinine 
e “‘retained’’ by the kidney. They showed that uric acid is the most difficult 
excrete and is the first to rise when the kidneys are damaged; next, urea is 
ained ; and, finally, the substance which is most easily eliminated, creatinine. 
1 elevation of blood uric acid is therefore one of the earliest signs of kidney 
ease. Although all observers do not agree that this is invariably the case, it 
pears to hold rather generally. The ingestion of purine-rich foods raises 
> blood urie acid in nephritis, although in normal individuals it has little or 

effect. Besides nephritis, any other condition which would lead to obstrue- 
n of urinary flow or suppresson of urinary secretion would result in a re- 
ition of uric acid. This is just as true in the case of uric acid and creatinine 
it is for urea. Consequently, we find high uric acid in the blood in prostatic 
ses, ureteral calculus, and cardiae decompensation. 

In leukemia there is an increased formation of uric acid because of the aug- 
nted nuclear metabolism resulting from the formation and destruction of 
cocytes. The blood uric acid rises as a result of this overproduction. In 
yeythemia and lobar pneumonia the same thing happens. During remissions 
pernicious anemia there is an increase in this constituent, due probably to the 
abolism of the nuclear material lost by the new red blood cells. Besides 
mation of uric acid as a result of the metabolism of preformed purines, there 
1 be an increased production of uric acid by the synthetic route. This will be 
eussed below. 

Since the site of uric acid destruction in the body is probably the liver, one 
uld expect to find blood uric acid levels to be high in liver disease. This is 
, the case in general. In very extensive liver damage high figures have been 
nd, but generally there appears to be enough functioning liver tissue to 
troy the usual amount of uric acid. It was formerly thought that gout was 
» to a defect in uric acid destruction, but this is probably not the case. th- 
d, it is maintained that there is a slightly increased uric acid destruction, 
‘haps because of the somewhat higher level of uric acid in the blood. Gout is 
‘racterized by acute attacks of painful and swollen joints lasting several days, 
lowed by longer periods of remission. Careful analyses of serum, rather than 
ole blood, have convinced Talbott, Jacobson, and their colleagues that the uric 
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acid levels in individuals who have gout are appreciably higher than in those w 
do not have it. This is contrary to former views. For example, in 100 person 
who did not have gout, the serum urie acid ranged from 1.9 to 6.7 mg. per 1 
ml., while in 21 who had gout the range was from 5.2 to 14.8 mg. They interpret 
this as indicating an increased formation of uri¢ acid rather than a decrease 
excretion or destruction. Adlersberg found similar differences, and stresses 
the fact that a part of the uric acid is bound, probably to protein. In gout and 
in hepatic damage, not only is the total uric acid higher than normal, but the 
proportion of bound uric acid is also higher. It is suggested that the abnormal 
‘‘fixation’’ of uric acid in blood and tissues might result in a diminished elimina- 
tion of this substance by the kidney, with a resulting hyperuricemia. 

Stetten showed that there was a considerable difference between the ““mnis- 
cible pool’’ of uric acid under normal conditions and under gouty conditions. 
The miscible pool of uric acid is defined as that quantity of uric acid in the body 
which is capable of mixing promptly with intravenously injected, tagged urie 
acid. It is determined by estimating the proportion of tagged uric acid in the 
serum and in the urine after such an injection. Normal subjects had an aver- 
age pool of 1,131 mg., while patients suffering from gout had from 4,700 to 
31,000 mg., depending upon the severity of the disease, the diet, and medication. 
These large quantities, found in gout, are far greater than could possibly be 
presumed to be in solution in body water. It is therefore concluded that some 
of the urie acid must be in the solid phase, probably in the superficial layers 
of the urate masses (tophi), situated in the cartilages. This indicates that in 
gout there is a continual solution and precipitation of urate at the interface, 
between the tophus and the body fluid. The cause of this increase appears to 
be a greater synthesis of uric acid by the body, as suggested above. Additional 
evidence for this view was obtained when isotopie ( N*) glycine was fed to nor- 
mal persons, and about 0.15 per cent was recovered in the urine as isotopic urie 
acid. Under the same conditions, gouty persons excreted 0.5 per cent. 

Just what causes the pain in an acute attack of gout is undecided. Uric acid 
may erystallize out in tissues without causing pain or inflammation. Magnus- 
Levy has suggested that it is not the deposition of urie acid which is painful but 
the resolution of such deposits. It should be noted that in uncomplicated gout: 
the other nonprotein nitrogenous constituents are not increased in amount. 

In eclampsia the uric acid level is considerably elevated. The cause of thisi 
is not understood. 


A decrease in the urie acid level of the blood almost never occurs. | 


CREATININE 


{ 
The normal level of creatinine is quite constant for a given individual and isi 
not affected by age, diet, or other physiological factors. The normal range isi 
from 1 to 2 mg. per 100 ml. blood with a larger proportion of values nearer 1 
than 2 mg. Creatinine is so easily eliminated that any figure above 2 mg. may ber 
considered abnormal. The creatinine content of serum is slightly lower than tha 
for whole blood, because of the presence in the red blood eell of nonereatinin 
material which gives the same reaction as creatinine. Therefore, serum is 
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nore frequently than whole blood, but the interpretation of the results is exactly 
he same. The creatinine range in serum is from 1.0 to 1.8 mg. per 100 ml. 

. Creatinine may be increased in most of the circumstances in which urea 
S Increased. Since the production of creatinine involves quite a different mech- 
inism from that of urea, although in a sense, it is a phase of protein metabolism, 
ts level in the blood is not as closely related to protein metabolism as the 
rea level is. Factors which modify the excretion of urea by the kidney 
lave a similar effect upon creatinine. Quantitatively, however, there are 
reat differences. In chronie nephritis, creatinine is the last of the three 
mportant nonprotein nitrogenous substances to rise. A value above 3 mg. 
s usually accompanied by retention of uric acid and urea. The prognosis 
s not bad, however, until the level of 4 mg. is reached. Above this point there is 
ittle chance for improvement in the patient, and above 5 mg. a fatal outcome 
vithin a year is to be expected. This prognostic scale does not hold for acute 
lephritis. Here high creatinine values may be reached for short periods, with a 
‘eturn to lower values when the acute attack has subsided. 

High creatinine values, without prognostic significance, occur in condi- 
ions of urinary obstruction, cardiac difficulties, and intestinal obstruction. 
These have been discussed above in relation to blood urea, and the same physio- 
ogical and pathological factors prevail in the case of creatinine. These facts 
ndicate that creatinine in itself has nothing to do with causing the condition 
n chronic nephritis. It is merely an index of the gravity of the situation. 


Amino Acids.—The amino acid of blood is not ordinarily determined clinically. The 
lormal range is from 5 to 8 mg. per 100 ml. Its estimation, however, may be of value in the 
liagnosis of acute yellow atrophy of the liver, or of any condition in which there is tremendous 
lamage to the liver. Since the liver is the location of the deamination of the amino acids 
nd production of urea, it is logical to expect that in the absence of functioning liver tissue 
he N.P.N. will be made up of more amino acids and less urea. This is the case if most of 
he liver tissue is destroyed. Besides acute yellow atrophy, such destruction may result from 
yhosphorus, chloroform, carbon tetrachloride, cinchophen, and arsphenamine poisoning. Ele- 
ration of the amino acid level may also occur in severe renal dysfunction and in burns. 
uowered levels are seen in certain infectious diseases, nephrotic crises, and in malnutrition. 


CHOLESTEROL 


Although the function and intermediary metabolism of cholesterol are 
1ot well understood, a few of the known facts may be reviewed briefly. The 
nimal sterols are probably absorbed from the intestinal tract along with the 
1eutral fats and other lipids. They form esters with the fatty acids and thus 
ct as a vehicle for their carriage in the blood stream. Some cholesterol is 
‘ecovered in the disintegration of red blood cells, but more is synthesized by 
he body. Cholesterol synthesis occurs in the liver, in the skin, and in other 
issues and appears to be inversely proportional to the amount of cholesterol 
wailable in the food. It is synthesized from acetate, or any substance which 
van yield acetate. This has been shown by isotope experiments of various types. 
(See also page 466.) Besides being a carrier of fatty acids, cholesterol has a 
number of other important physiological effects. It is an antihemolytie agent, 
sounteracting the hemolytic action of bacterial toxins, snake venoms, bile salts, 
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and other hemolysins. It is a precursor of dehydrocholesterol, which is a pre 
vitamin D, of cholic acid, which forms a part of the bile acids, and, perhaps, o 
all of the steroid hormones. It is a primary constituent of all cells and, i 
some cases, of extracellular material. Because of its unusual physical. prop 
erties, it undoubtedly modifies the permeability of the cell membrane and in 
sulates nerve structures during the passage of electrical nerve impulses. Th 
pathways of excretion appear to be by way of the bile, the intestinal mucosa 
and, to a very small extent, by the urogenital mucosa into the urine. 

The cholesterol is more or less evenly divided between the plasma and th 
erythrocytes. However, in the blood cells, and, indeed, in the tissue cells, th 
cholesterol is almost all free, while in serum or plasma about 70 per cent is 
present as cholesterol esters of fatty acids. Serum or plasma studies are o: 
more clinical value than those of whole blood. From 150 to 250 mg. per 10( 
ml. is perhaps the range for total cholesterol in normal serum, Each labora 
tory will have its own normal figures for the particular method in use. Some 
of the older but still very widely used methods yield a comparatively low 
range, namely from 140 to 200 mg. The studies of Gofman indicate that some 
of the cholesterol is present as a constituent of large aggregates, or macromole- 
cules, of lipoproteins. (See page 467.) 

The serum cholesterol is remarkably constant normally. There is no ap- 
preciable change after the ingestion of large quantities of lipids, and the effect of 
food generally is of little moment. The statement frequently made that blood 
cholesterol rises markedly after feeding large quantities of lipids is based upon 
experiments upon dogs and rabbits, in which lipid metabolism appears to be 
quite different from that in man. 

Total cholesterol values vary somewhat with age. The minimum values 
are found in late adolescence, increasing until about age 60, then decreasing 
in old age. (Keyes.) In pregnancy the serum cholesterol rises, but no 
good reason for this can be given. The menstrual cycle is also accompanied by 
changes in blood cholesterol. At or near menstruation there is a fall in the: 
level, with a hypercholesterolemia either just before or just after it. 

Hypercholesterolemia commonly accompanies hyperglycemia in diabetes: 
mellitus. Along with the rise of cholesterol there is also an increase in all the: 
lipid constituents. Although the cholesterol does not always parallel the glucose: 
of the blood, it is claimed to be a better index of the severity of the disease.. 
Values of 300 mg. or over are frequent, and levels of 500 mg. or even higher: 
occur in patients with severe untreated diabetes with ketosis. The administra-- 
tion of insulin does not lower the blood cholesterol immediately as it does the: 
blood sugar. The effect requires a period of days or weeks and is therefore: 
probably an indirect one (Bruger and Mosenthal), 

. In ‘‘lipoid nephrosis’’ the blood cholesterol is regularly increased. This: 
is a type of kidney condition in which the tubules are edematous and show’ 
degenerative changes with lipid deposits in the cells. It is, however, now 
considered to be a type of glomerulonephritis, in which protein escapess 
through the glomerulus. In spite of the abnormal appearance of the tubu-- 
lar cells, they may function almost normally, Among the symptoms are: 
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oliguria, hypoproteinemia, proteinuria, and edema. The cholesterol of the 
blood rises to very great heights. Figures of from 500 to 800 mg. are not 
uncommon. The other lipids also increase but not to the same degree as 
cholesterol. The proportion of cholesterol esters, which normally is about 
70 per cent of the total, rises to from 80 to 90 per cent in lipoid nephrosis, 

In jaundice due to obstruction of the bile duet, the blood cholesterol rises 
and seems to parallel the amount of bilirubin in the blood. This is biliary 
cholesterol, prevented from entering the intestine by the obstruction. 

Plasma cholesterol bears an inverse relationship to thyroid activity, hypo- 
thyroidism being associated with the high values, and hyperthyroidism with 
the low ones. The appropriate treatment tends to bring the level to normal. 
Thus, blood cholesterol determinations may be of value from a diagnostic stand- 
point and as an aid in following methods of treatment. 

In pernicious anemia, as well as in some other types of anemia, there occurs 
marked hypocholesterolemia. The cholesterol level may be as low as 50 mg. per 
100 ml. The degree of hypocholesterolemia bears no relation to the severity of 
the disease, but the concentration of cholesterol is usually low if the hemo- 
globin is below 8 Gm. per 100 ml. Anemia resulting from hemorrhage and 
severe aplastic anemia (that is, anemia resulting from lack of formation of cellu- 
lar elements in the bone marrow) are, on the other hand, accompanied by high 
cholesterol levels. 

In hemolytic jaundice there is a low blood cholesterol in contrast to the 
high values in obstructive jaundice, and in acute liver diseases, such as in- 
fectious hepatitis and acute yellow atrophy, there are also abnormally low 
cholesterol values and particularly a diminished proportion of cholesterol 
esters. Low values are also seen in infections and in malnutrition. 


PROTEINS 


Hemoglobin 


The function of hemoglobin does not need to be described again, and its 
great importance must be quite apparent. The normal values vary with age and 
sex. In adult males the average is about 15.8 Gm. per 100 ml. and in fe- 
males it is about 2 Gm. lower. In the newborn infant it is very high, from 18 
to 23 Gm. per 100 ml., but falls rapidly to a minimum figure of about 13 Gm. 
at the sixth month. It remains at a low level until the end of the second year 
and slowly increases until it reaches the adult figure. In extreme old age 
there is a slight decrease to about 14 Gm. per 100 ml. 

, The correct method of reporting hemoglobin values is in the manner just 
given; i.e., in grams per 100 ml. of blood. The usual clinical custom, however, 
has been to report the hemoglobin in relation to the assumed normal. That is, a 
value of ‘‘100 per cent’’ meant a normal value. The different instruments, how- 
ever, did not agree on the equivalent of this 100 per cent in grams of hemoglobin 
per 100 ml. of blood. For example, in the Dare hemoglobinometer 138.77 Gm. 
of hemoglobin per 100 ml. of blood was used as the standard, while the Sahli 
took 17.2 Gm. per 100 ml. It was thus possible to have a hemoglobin value 
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of 120 per cent or 96 per cent for the same sample of blood (with a content 9 
16.5 Gm. of hemoglobin per 100 ml.), depending upon which method w 
employed. The normal average figures given above (15.8 Gm. per cent fo 
men and 13.8 Gm. per cent for women) are the mean of observations mad 
throughout the world (Myers and Eddy). For greatest accuracy hemoglobir 
should be determined by the Van Slyke and Neill method which estimates th 
oxygen capacity. For routine work this is too time consuming and a eol- 
orimetrie method, or the copper sulfate specific gravity method, is usually 
employed. 5 
Hemoglobin values are influenced by other physiological factors besides 
age and sex. There is a diurnal variation in normal persons amounting to as 
much as 20 or 30 per cent of the average concentration. Exercise causes an in- 
crease in the hemoglobin, because of splenic contractions which force more red 
cells into the circulation; if long continued, however, the hemoglobin may be 
destroyed to some extent and consequently the level may fall below normal, 
Dehydration, from sweating or diarrhea, raises the hemoglobin, while an increase 
in the water content of the body decreases it. Cold baths and emotional excite: 
ment are also causes for rise in hemoglobin. Consequently, if an accurate picture 
of the hemoglobin of a person is desired, all of these facts should be borne in 
mind, That is, the blood sample should be taken at a standard time and under 
standard conditions—say before breakfast, without a morning bath, and with 
the avoidance of mental or physical stress. In pregnancy the needs of the fetus 
cause a deficit in the hemoglobin of the mother. A return to normal oceurs 
after parturition, if the food contains the requisites for building hemoglobin. 


Pathologically, decreases in the hemoglobin content of blood are seen in 
anemias, hemolytic jaundice, and after hemorrhages. The diminished total 
circulating hemoglobin is due either to a diminution in the number of cells con- 
taining a sufficient content of hemoglobin in each cell, to a diminished hemo- 
globin content of the red cells but no change in their numbers, or to a com- | 
bination of these changes. It is therefore essential to know, not only the hemo- 
globin, but also the red cell count. The two have been correlated in the | 
‘““eolor index’”’ of blood. ) 


: 
; 
Color index = Hemoglobin in grams per 100 ml. ; 


Red cells in millions per cubic millimeter ~ ot 


The factor 0.31 is derived from the ratio of the approximate normal value of | 
9 millions of red cells to the approximate normal value of 16 Gm. of hemo-- 
globin per 100 ml. Thus the normal color index for these typical normal values 
would be 1, and values much below this indicate a subnormal content of hemo-- 
globin in the cells, ‘‘Hypochromic’’ anemias have low color indices and? 
‘“‘hyperchromic’’ ones have high indices. | 


In nutritional anemias, chlorosis, and toxemias’ of pregnancy there are low? 
color indices. In pernicious anemia, on the other hand, the color index is high, 
with large and irregularly shaped red cells. The low total hemoglobin is there- 
fore due to a smaller number of these large red cells. In hemolytic jaundice 
there is a hypochromie condition due to both a low count and a low hemoglobin 
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oncentration of the cell. Anemia following hemorrhage results in a loss of 
1umbers of cells, of course, at first, and the new cells formed are likely to possess 
| low content of hemoglobin, and thus there is a low color index. 

Elevation of the hemoglobin concentration occurs whenever the red cells 
re greatly increased in numbers. These conditions are termed ‘*polyeythe- 
nias.’’ The color index, however, may be very low, as is the case in idiopathic 
olyeythemia. The cell count increases tremendously and, although the total 
lemoglobin also increases, it does not do so to the same extent. In diarrhea 
ind whenever dehydration is marked, the concentration of blood due to water 
oss brings about a rise in hemoglobin values. 

It may also be mentioned at this point that either methemoglobin or 
ulfhemoglobin may be found in the blood of patients who have been treated 
vith sulfanilamide. The drug does not act upon hemoglobin in vitro, and there- 
‘ore it is assumed that it acts upon some tissue in such a way as to cause the pro- 
luction of a substance which effects the transformation in question. 


Albumins, Globulins, and Fibrinogen 


The total blood plasma proteins have a normal range of from 6.3 to 8.0 
7m. per 100 ml. In this is ineluded fibrinogen, albumin, and globulins. The 
ibrinogen is normally from 0.2 to 0.4 Gm.; the albumin, from 3.9 to 5.3 Gm.; 
ind the globulins, from 1.3 to 3.4 Gm. The globulins, as ordinarily deter- 
nined, do not inelude fibrinogen. These values are for determinations made 
yy chemical methods. For example, the albumin, globulin, and fibrinogen 
‘ractions may be separated from each other by salting out with different con- 
sentrations of sodium sulfate. The protein in each fraction is then estimated 
solorimetrically or by the Kjeldahl method. There is, however, a growing 
endency to separate various fractions by electrophoresis (see page 171), since 
the chemical method may be tearing apart protein complexes, which it is be- 
ieved are preserved in electrophoresis. Table XXIII compares the protein 


TABLE L 


AVERAGE NoRMAL PLASMA PROTEIN CONCENTRATION VALUES FROM BirtH TO MaTurITy* 








PLASMA PROTEIN} 








TOTAL PROTEIN ALBUMINS GLOBULIN FIBRINOGEN _ 
AGEt GM./100 ML. em./100 ML. GM./100 ML. GM./100 ML. 
i 5 55 1.01 0.27 
Premature infants 4.55 3.55 _ : 
Pull term infants 5.11-5.70 3.76-3.79 1.34-1.66 te 
Birth to 1 year 6.10 4.97 1.38 2 
| to 4 years 6.94 4.59-4.83 ne ee 
) to 12 years 7.30 5.0 2.4 28 . 
5 7.16 4.72 2.49 Included with 
nder 15 years Fopulie 
aT 59-4.70 2.03-2.54 0.21 
meets ag - 1.3 -3.4 Included with 
Adult range (95%) 6.3 -8.0 3.9 -5.3 meat 





*Adapted from Metcoff, J., and Stare, F. J.: New England J. Med. 236: 26, Jan. 2, 1947. 


No significant variation with sex. ae 
ah lues obtained are somewhat variable, depending on technic hare eg eaees Ber ahead 
the tt Mowhan total protein values are derived from micro-Kjeldahl analyses, é g 


and globulin from sodium sulfate fractionation. 
Albumin may vary somewhat with the season. 
seasonal blood volume changes. 


The variation may be a manifestation of 
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composition of plasma when analyzed by the two methods. It is quite evi 
dent that the two sets of figures do not agree, and these differences may prove 
to be of fundamental importance. 
The plasma proteins are low in early infancy, particularly the glob in 
fraction, but at about the age of 18 months they reach the concentration seer 
in adult life. (See Table L.) In pregnaney there is a decrease in the 
concentration of total protein, but, because of the greater blood volume, the 
absolute amount of protein is, in fact, increased. (Novak and Lustig.) Dur. 
ing the first six months of pregnancy the albumin fraction gradually dimi n- 
ishes and then rises to normal at term. When the albumin value is low, the 
globulin and fibrinogen are elevated. The menstrual period is accompanied 
by an increase in fibrinogen. Exercise causes a rise in plasma proteins as. al 
result of (1) the increased number of red cells and consequent diminution in 
fluid volume and (2) the sweating which brings about dehydration. 
On page 169 the colloidal osmotic effect of plasma proteins was discussed 
and it was shown why the albumins had a greater-influence than the globulins 
in maintaining this pressure. Normally the serum albumin constitutes abou 
52-55 per cent of the total plasma protein, and about 80 per cent of the osmotic 
pressure is attributable to it. It is therefore evident that the albumin frae 
tion is more important from this standpoint than the globulin. Until recently it 
was felt that the ratio of albumin to globulin (the A:G ratio) was clinically sig- 
nificant and that a reversal of it was a pathological sign. That is, if the globulin 
became greater than the albumin in amount, the osmotic effect would be much 
less. This would be true if the total protein remained virtually unchanged, but it 
can easily be seen that a change in total protein concentration might compensate 
for any change in the ratio, Consequently the A:G ratio cannot in itself be 
considered a very informative criterion. 
The serum albumin, because it is the smaller molecule, is more easily los 
from’ the blood by leakage. It may go into the extravascular spaces as a re 
sult of trauma or shock or both. It may be excreted into the urine or lost from _ 
the surfaces of burns or wounds, Hemorrhage, of course, results in a loss of | 
all blood proteins. Since the chief, if not the only, site -of plasma protein — 
synthesis is the liver, it is not surprising that a low serum protein is found — 
whenever there is extensive liver damage, as in hepatitis and cirrhosis of the — 
liver. Any disease which causes a depressed liver function will have a similar 
effect for a similar reason. In nephrosis the proteinuria is reflected in a low- 
ered total serum protein content, but more particularly in a diminution of 
the albumin fraction, because the smaller albumin molecule more readily ; 
passes the renal epithelium. The edema which is likely to accompany nephro- 
sis, and some of the other pathological states in which hypoproteinemia occurs, 
is due to the resulting fall in colloidal osmotic pressure of the blood. Many 
types of malnutrition lead to low plasma protein figures. Inadequate dietary 
protein is in this category. So, also, is an increased utilization %f proteil 
whenever a sufficient supply of calories is not available. Blood proteins a 
then utilized for energy. This may oceur when ir 7 
without supplying enough carbohydrate or fat. 





itravenous infusions are given 
It may also ensue as a result 


CHANGES IN CHEMICAL COMPOSITION OF BLOOD 593 


the increased metabolism in pregnancy, in lactation, and in the rapid growth 
children. Decreased absorption of protein digestive products may also lead 


decreased building of blood proteins. This may occur as a result of in- 
‘tinal disorders. 


Dehydration, whether as a result of insufficient intake of fluid or of loss of 
id, results in a more concentrated blood, with a higher content of proteins. 
amples are intestinal obstruction, diarrhea, vomiting, Addison’s disease, 
d severe diabetic acidosis. Diseases of the reticulo-endothelial system also 
ve rise to a high content of plasma proteins, particularly the globulin frae- 
n. 

The fibrinogen fraction is increased in pheumonia and other infections. It 
0 rises in cases of slight injury to the liver. This is probably because the 
damaged liver tissue is stimulated to greater activity in the production of 
S protein. On the other hand, if the hepatic lesion is extensive, the dimin- 
ed liver activity results in a lowered fibrinogen content. Multiple myeloma, 
will be remembered, is often characterized by the presence of Bence-Jones pro- 
n in the urine. This is a peculiar globulin and contributes to an increase 
the globulin fraction of the plasma in this condition. The total protein is 
ely to be very high in this disease. 


CALCIUM AND PHOSPHORUS 


Calcium and phosphorus are usually considered together, since disturbances 
one usually result in disturbances of the other. As a rule they bear a reciprocal 
ationship to each other, a rise in one resulting in a fall of the other. This is 
, the case invariably, however. The normal content of calcium in serum 
iges from 9 to 11 or 12 mg. per 100 ml. or 3 to 6 meq. per liter. (There is 
le or no calcium in the red cells.) About 50 or 60 per cent of this is dif- 
ible; the remainder is probably linked to protein in a nondiffusible form. 
st of the diffusible calcium is ionizable, and this is believed to be the physi- 
gically active fraction. The proportions of the different fractions present are 
esultant of an equilibrium between the total protein and the total calcium. 
anges in the plasma protein may therefore be expected to have an influence 
m the concentration of diffusible calcium present. The phosphate also is 
posed of two fractions, an organic and an inorganic one. However, the 
anic phosphates are substances like phospholipids and do not have as much 
tionship to the inorganic phosphate as the bound calcium does to the dif- 
ible calcium. The normal values for serum phosphate are from 3 to 4.5 mg. 
100 ml. for adults and from 4 to 6 mg. for children. This corresponds to 
1 to 2 meq. per liter. The physiological utilization of carbohydrate causes 
ight decrease in serum phosphate because of the necessity of phosphoryla- 
for this process. , For this reason injections of insulin cause a slight tempo- 









fall in phosphorus. 

During bone formation a high phosphate is usually seen and sometimes a 
calcium. This explains the higher phosphate figures for children and 
those found when fractures are healing. 
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The influence of the parathyroid gland and of vitamin D on calcium 
metabolism has been discussed in other chapters; therefore, no explanation will 
be given here. A lack of parathyroid hormone causes a fall in serum calcium 
and if parathyroid preparations are administered, there is an increase in the 
diffusible serum calcium. The phosphorus usually changes in the opposite diree- 
tion, Vitamin D, or ultraviolet irradiation, raises the blood calcium but also 
raises the blood phosphorus, especially if it has been at a low level before treat- 
ment. In rickets the phosphate of the scrum is usually low (down to 2 mg.) 
with a normal calcium value. In some cases the reverse is true and in still others 
both factors may be low. Whenever the product of the concentrations of eal- 
cium and phosphate, expressed as milligrams per 100 ml., falls below 30, rickets 
develops, but if it is over 40, rickets is absent or the healing process is taking 
place. 

The greatest increase in serum calcium is seen in cases of tumor of the 
parathyroid gland. There is also a significant elevation in multiple myeloma. 
In the latter case this is due to an increase of the nondiffusible fraction and 
seems to be related to the excess of protein which is found in that ailment. 
Similarly the drop in nondiffusible calcium seen in nephrosis may be corre- 
lated with the hypoproteinemia. 


SODIUM AND POTASSIUM 


The determination of sodium and potassium in blood plasma by chemical 
methods is difficult and time consuming. Thanks to the introduction and 
popularization of the flame photometer, the analyses of biological fluids for 
these elements is now an extremely rapid and accurate procedure. The method 
consists of atomizing a dilute solution of plasma into the flame of a Bunsen 
burner. Ignition causes light of characteristic wave length to be emitted, and 
the intensity of this light is measured photoelectrically. The range of normal 
values for human plasma is: sodium, 135 to 145 meq. per liter; potassium, 
4.1 to 5.6 meq. per liter. Changes in plasma sodium serve to indicate, among 
other things, whether the plasma is isotonic, hypertonic, or hypotonic. De- 
creased plasma potassium levels may occur in a variety of conditions associated 
with potassium deficiencies, such as infantile diarrhea, alkalosis caused by! 
pyloric stenosis, and the overzealous use of fluids which are not isotonic, or 
properly balanced. Increased potassium plasma levels may be found, less 
frequently, in certain clinical conditions such as prolonged anuria. Inasmueh! 
as most of the body potassium is in the cells which take up and release potas 
sium under various circumstances, alterations in plasma potassium levels are 
more difficult to interpret than plasma sodium levels. The progress of thert 
apeutic measures and the effects of certain hormones can be assisted by such 
determinations and changes instituted as required. Some of these relation* 


ships were discussed in Chapter 18. 
CHLORIDE 


Whole blood normally has a chloride content of from 450 to 500 mg. pe 
100 ml. as sodium chloride, but the determination in whole blood is to be de 
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lored, particularly when electrolyte balance is being studied, since the plasma 
r serum analysis gives a much more accurate picture. Serum or plasma has 
rom 570 to 620 mg. per 100 ml. Caleulated to milliequivalents per liter, this 
ecomes from 97 to 106 meq. of Cl per liter for serum or plasma (see page 
J4). The only physiological factor which influences blood chloride materially 
; starvation. This is partly because of the lowered intake and partly because 
f the continued exeretion of chloride until osmotie conditions force its re- 
ention. Many other factors have minor influences upon the chloride in nor- 
1al individuals but none are of great importance. 

Chloride usually rises in nephrosis, but in glomerulonephritis and in 
ephrosclerosis the chloride is usually unchanged. <A low blood chloride is en- 
ountered in cases of persistent vomiting and the reason is obvious. Diarrhea 
sads to a similar result. In uremia, vomiting or diarrhea may be present, and 
here results a low blood chloride value. 

The chloride level may be diminished in diabetes mellitus, particularly if 
cidosis is present. This is partly due to the diuresis, which washes out a con- 
iderable amount of chloride. Another cause is a shift of the chloride into 
he red blood cells because of the occurrence of acidosis. In Addison’s disease 
he loss of sodium ions by way of the urine is accompanied by chloride loss and 
his results in a hypochloremia. Treatment with the cortical hormone or with 
odium chloride tends to bring the level back to normal. Extensive burns also 
esult in a low concentration of blood chloride, which is an indication for the 
eplacement of this ion therapeutically. 


IODINE 


The iodine content of blood is very minute but is considered extremely 
mportant, since fluctuations are due to changes in thyroid activity. Ordi- 
arily, only ‘‘protein-bound iodine”’ of serum or plasma is determined, since 
his is felt to represent the thyroid hormone present in the circulating blood. 
‘he normal figures are given as 4 to 8 peg (0.004-0.008 mg.) per 100 ml. of 
lasma or serum. The methods for this determination have been greatly im- 
roved, although they are still difficult and subject to a number of inter- 
erences, For example, there are certain medicaments in use which contain 
odine and which may lead to spuriously high blood iodine values because they 
emain in the circulation for long periods of time, while others, containing 
nercury, interfere with the reaction and lead to low results. Nevertheless, 
nder careful clinical control, and meticulous analytical conditions, valuable 
esults are obtained. High values (e.g., 9 to 14 wg,) indicate hyperthyroidism, 
nd low values (e.g., 2 or 3 pg) are observed in eretinism and other types of 
ypothyroidism. The use of radioactive iodine in aiding in diagnosis is dis- 
ussed on page 676. 


CARBON DIOXIDE COMBINING POWER 


Since the ability of the plasma to combine with CO, and form bicarbonate 
lepends upon the quantity of available alkali present, the determination of the 
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CO, combining power, or CO, capacity, of the plasma is a measure of the alkali 
reserve. The greater the amount of alkaline material present in the 


plasma, the greater the CO, combining power. The results are expressed in vol- 


umes of CO. combined by 100 ml. of plasma. The normal resting adult usually 
shows a range of from 50 to 70 volumes per cent. With mild acidosis and no 
pronounced symptoms, the range is likely to be from 41 to 50 volumes per cent. 
Here, ordinarily, the acidosis is well compensated; that is, there is no change in 
the pH of the blood. With moderately severe acidosis the alkali reserve shows 
greater depletion, and figures of from 31 to 40 volumes per cent are found. Now 
there are definite symptoms, and the acidosis may be uncompensated. With 
values below 30 volumes per cent, the blood almost always shows definite changes 
of pH toward the acid side and marked symptoms occur. 

In alkalosis, the values, of course, are above 70 volumes per cent. How- 
ever, the body does not have as efficient means of combating alkalosis as it does 
acidosis. Consequently an uncompensated condition is quite likely to occur 
when the values climb to about 75 volumes per cent, although values up to 125 
volumes per cent do occur. 


Most of the clinical conditions associated with disturbances in acid-base bal- 


ance involve primary alkali deficit or primary alkali excess. The acidosis of 
diabetes, nephritis, and starvation come under the former heading, while pylorie 
obstruction, persistent vomiting, and alkali overdosage come under the category 
of primary alkali excess. Both of these can be determined by the estimation of 
the CO, combining power. However, those conditions which involve primary 
CO, excess and deficit cannot be properly evaluated by the determination of 
the CO, combining power alone. Here pH determinations of the plasma are 
also essential. 


pH 


It is apparent, from the foregoing discussion, that the CO, combining power 
does not under all conditions give enough information regarding the acid-base 
balance, and the estimation of the pH of the blood plasma or serum is often 
highly desirable. For this purpose blood is drawn under oil to avoid gas ex- 
change with the atmosphere. It is centrifuged and the serum or plasma, as the 
case may be, used for pH determination. This may be accomplished by either 
a colorimetric or an electrometrie method. 


BILE PIGMENTS 


The origin of bile pigments and their relation to jaundice have been taken 
up on page 236. It will be remembered that normally the liver liberates bili- 
rubin from a colloidal complex and secretes it into the bile. In obstructive 


jaundice this liberation occurs, but the bile is prevented from flowing into the § 
intestine. It finds its way into the blood and is excreted from the blood by * 
the kidneys. In toxie and hemolytie jaundice there is no blockage of the bile, . 


but the colloidal bilirubin is not broken down by the liver. Since this colloidal 
pigment cannot be eliminated, it continues to remain in the circulating blood. 


f 
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erefore there is the possibility of either erystalloidal or colloidal bilirubin 
ing present in the blood under various circumstances. 

To determine these substances there are several methods available. The 
eric index is a very simple method for expressing the yellowish-orange color 
blood serum. One must use a dry syringe to avoid hemolysis of the red cells 
d the patient should be in the postabsorptive state to avoid lipemia. Large 
10unts of carrots or other foods containing carotene should be avoided on the 
y preceding the test. The color is measured against a standard of potassium 
chromate and the result is expressed in units. The normal value is from 4 to 6 
its. Values as high as 15 may occur without visible jaundice occurring. In 
vere cases amounts as high as 300 may be met. The icteric index does not dif- 
rentiate between protein-bound and erystalloidal bilirubin. 

The van den Bergh test is based upon the fact that bilirubin combines with 
rlich’s diazo reagent (diazobenzenesulfochloride) to form a red colored com- 
und, azobilirubin (acetophenolazorubin). A direct test is one which is ob- 
ined by mixing serum with the diazo reagent and observing whether the color 
pears immediately or not. If it occurs within thirty seconds it is called an 
mmediate direct’’ reaction; if it does not occur within one minute but does oc- 
r later, it is termed a ‘‘delayed’’ reaction; and if it shows an immediate red 
action changing to violet on standing, it is called a ‘‘biphasic’’ reaction. The bi- 
asic reaction is usually interpreted to be either the same as a direct immediate 
action or a mixture of the direct immediate and the direct delayed. The in- 
rect test is made by first adding alcohol and saturated ammonium sulfate to 
e serum and then the diazo reagent. The color is then determined colorimet- 
ally. This gives a color with both forms of bilirubin and is used for a quan- 
ative determination of the total bilirubin in serum. The free or ‘‘crystal- 
d”’ bilirubin reacts immediately in the van den Bergh test; that is, it gives an 
mmediate direct reaction.’’ The bound or ‘‘colloid’’ bilirubin gives a positive 
action only after enough time has elapsed to permit the splitting off of the pig- 
nt from this combination (delayed direct reaction), or after alcohol has acted 
on it to dissolve out the bile pigment (indirect reaction). Consequently one 
ds that the direct reaction is obtained with blood serum from cases of ob- 
active jaundice, but in hemolytic and toxic jaundice there would be a delayed 
rect reaction. Unless one is desirous of obtaining an accurate quantitative 
sasure of the bile pigments in serum, an icteric index determination, together 
th a qualitative examination of the urine for bilirubin and urobilinogen, 
Il give the same information as a direct van den Bergh test. 

. The bile pigments are increased in blood serum as a result of (1) an in- 
ased rate of hemoglobin disintegration, (2) any condition resulting in 

inished hepatic function, or (3) obstruction of the biliary passages. In- 
ased hemoglobin destruction occurs in hemolytic jaundice, pernicious anemia, 
d in hemolytic infections. Decreased liver function is seen in acute yellow 
ophy of the liver, in eclampsia, in typhoid fever, and in poisoning by chloro- 

, earbon tetrachloride, arsphenamine, and the heavy metals. In ecatarrhal 

dice, obstructive jaundice, and in diseases of the gall bladder there are 

duct obstructions which cause the bile to back up into the circulation. 
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Low values in the bilirubin content of serum are seen in the secondary 
anemias and also in aplastic anemia. The cells have a low color index. Hence 
when destroyed they yield little hemoglobin for bilirubin formation. 


ENZYMES 


A few enzymes, present in plasma, have been found to show deviations 
from the normal under pathological conditions, and their estimation is used in 
diagnosis. Among these are the phosphatases, amylase, and lipase. ; 

There are two general types of phosphatase which are of interest. The 
one most commonly studied is the one which has its optimal pH on the alkaline 
side, the ‘‘alkaline phosphatase.’’ This phosphatase is the one concerned 
in bone formation. In general it increases in amount in the blood plasma 
in bone diseases. Several explanations have been offered to account for this. 
It may be the result of an overproduction of the enzyme in the bone to 
compensate for the lesion, or it may be a forced extrusion of the enzyme 
from the injured bone tissue. Another theory is that the bones’ capacity for 
cellular activity is greater in the absence of normal bone synthesis, and with 
greater activity there is an increased formation of phosphatase. The unit gen- 
erally employed is the Bodansky unit, which is that activity ‘‘equivalent to the 
actual or calculated liberation of 1 mg. of phosphorus as the phosphate ion dur- 
ing the first hour of incubation at 37° C. and pH 8.6, with the substrate con- 
taining sodium beta-glycerophosphate, hydrolysis not exceeding 10 per cent of 
the substrate.’? The normal range of values is from 1.5 to 4.0 units per 100 
ml. for adults and from 5.0 to 13.0 units for children. Usually figures between 
2 and 11 units have no pathological significance. In rickets, the values rise to. 
from 20 to 30 units in mild cases, to 60 in severe cases, and up to as high as 190) 
units in very severe cases. In osteitis deformans (Paget’s disease) the phos- 
phatase is also very high, and increased concentrations are found in bone at-. 
rophy, osteomalacia, osteoporosis, and bone malignaney. Moderately in- 
creased values are found in hyperparathyroidism. 


Since alkaline phosphatase is excreted into the bile by the normal liver, its’ 
level in the blood is related also to hepatic conditions. However, it is not a good: 
diagnostic index unless a number of other factors are taken into consideration.? 
Among these are the bone conditions just mentioned. Nevertheless, determina- 
tion of alkaline phosphatase is of some value in aiding one to determine: 
whether an obstruction to the common bile duet is present. Serum phosphatas 
values are almost always increased in jaundice due to mechanical obstruction 


The acid phosphatase, with an optimal activity at about pH 5.0, was firs 
found in the urine of men. It apparently has its origin in the prostate gland, 
which was found to be extremely rich in this enzyme, and this led to the in 
vestigation of tumors of the prostate. Primary carcinoma of this gland, an 
metastases occurring in other tissues, contain acid phosphatase. The blood se 
In cases of metastasis shows significant increases in the acid phosphatase con 
tent. No other prostate conditions lead to similar rises. However, determinatio 
of acid phosphatase is of limited value in diagnosing metastatic cancer of th 









? 
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rostate. Prior to metastasis the serum level of acid phosphatase is apparently 
ever elevated, but the rise with metastasis is not invariable; sometimes the level 


‘ 


; not increased. Treatment of metastatic cancer of the prostate by methods 
rhich deprive the patient of androgen frequently results in a fall of the phos- 
hatase, more or less parallel with the improvement in the patient’s condition. 


The amylase of the blood usually originates in the pancreas, although it 
1ay come from the salivary glands. It has been demonstrated experimentally 
nd clinically that perforation of the gastroduodenal area may result in ele- 
ated serum amylase values. This is explained as a leakage of the pancreatic 
mylase into the peritoneal cavity with subsequent absorption of the enzyme 
rom the peritoneal fluid. (Pemberton; Musgrove.) Serum amylase increases 
remendously in cases of pancreatitis, but only for about forty-eight hours 
fter the onset, whereas the blood lipase, which also rises in this condition, 
emains elevated for several days. Acute inflammation of the salivary glands 
auses moderate elevation of serum amylase, as does renal failure, with de- 
ressed excretion of amylase, and, as indicated above, perforation of the up- 
er intestinal tract. 
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Chapter 23 
HORMONES 


Hormones are substances manufactured by cells in minute amounts which 
roduce characteristic physiological effects upon other cells, usually in some 
‘gan remote from the source of the hormone. They are exceedingly potent, and 
| this way they resemble vitamins. Indeed the only difference between these 
vo classes of physiological agents is that vitamins are primarily elaborated by 
lants and are introduced into the body by way of the digestive tract, while 
Irmones are formed by the body and are thrown directly into the blood stream. 
1 many instances hormones are relatively ineffective when administered by 
outh and, therefore, if given for medical purposes, are usually injected paren- 
rally. Like the vitamins, some of the hormones have been synthesized, and, 
robably, they will also be shown to be parts of enzyme systems, at least in 
any cases. Plants, also, produce hormones which have definite effects upon 
ant physiology. 

Hormones are, strictly speaking, stimulating substances (hormaein, to 
cite). However, some endocrine secretions inhibit functional activity, and 
ese are designated ‘‘chalones.’’ 


HORMONES OF THE GASTROINTESTINAL TRACT 


In Chapter 10 the hormones of the gastrointestinal tract were discussed. 

is only necessary to summarize their actions at this point. 

Gastrin is produced by the pyloric mucosa, apparently stimulated to do so 
7 substances present in or derived from food, or possibly by HCl. The me- 
anical stimulation caused by distention of the stomach also results in the 
‘oduction of gastrin. It is absorbed into the blood stream and is carried to 
e fundic cells and causes them to secrete HCl actively. 

Secretin is formed by the intestinal mucosa and is liberated by the HCl 
‘esent in the acid chyme. The secretin is carried by the blood stream to the 
increas, which it excites, and thus causes a flow of pancreatic juice. This oc- 
irs even if the nerves supplying the pancreas are cut and is therefore a true 
yrmonal action. Further evidence in favor of this theory is the fact that if the 
dod from an animal, in the process of forming pancreatic juice due -to the 
‘esence of HCl in the duodenum, is injected into the veins of a starving an- 
al, the pancreas of the latter is stimulated to secrete. Secretin has been ob- 
ined in crystalline form and is very effective by the intravenous route. Mel- 
nby was of the opinion that secretin controlled the volume and bicarbonate 
ntent of pancreatic juice while the enzyme content was under the control of 
e vagus nerve. In 1943, however, another hormone was separated from 
e mucosal extract of the small intestine. This stimulates the secretion of 
juice, rich in enzymes, which is thus under both hormonal and nervous con- 
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trol. Secretin is the hormone which stimulates the production of fluid, low 
in enzymes but containing bicarbonate. The other hormone has been called 
‘‘nanereozymin’’ and is present in the mucosa of the upper small intestine. 
It is thermostable and is not destroyed by acid but is by alkali. It may be 
separated from secretin from an alcohol solution of both, by precipitation of 
secretin by bile salts and precipitation of pancreozymin by saturation with 
sodium chloride (Harper and Raper). The release of panecreozymin is said to 
be brought about by the presence of any one of a variety of substances, in- 
eluding peptone, casein, dextrin, maltose, lactose, saline, and even distilled 
water. It is possible that similar stimulants may also be effective in causing 
the release of secretin. Secretin produces the same effects in man as it does 
in animals and it is being employed in tests for pancreatic function. (See page 
660.) It probably also stimulates the flow of intestinal juice and is one of 
the factors which increase the secretion of bile by the liver. The flow of in- 
testinal juice is also controlled by a hormone of the intestinal mucosa ; namely, 
enterocrinin. It is distinet from secretin and stimulates the secretion of both 
fluid and enzymes by the intestinal mucosa. Various digestive products effect 
its release from the mucosa. Furthermore, extracts of intestinal mucosa con- 
tain a hormone which stimulates the contraction of the gall bladder. It is 
cholecystokinin and can be separated from secretin. Cholecystokinin is set 
free through the agency of many different substances. The most effective are 
fats, fatty acids, dilute HCl, and peptone. 

Enterogastrone is a hormone which has heen shown to be present in duodenal 
mucosa. Its formation is associated with the presence of fat in the duodenum. 
Its function is to inhibit gastric secretion and gastric motility. In other words, 
when fat reaches the duodenum it causes the secretion of enterogastrone which 
then slows up gastric digestion and motility. There is a diminution in the 
volume of juice secreted with a lower concentration of HCl and a smaller 
amount of pepsin. (Grossman.) The effect is to permit fat digestion to be 
more completely accomplished. From human urine a substance having similar 
effects has been isolated. It has been called ‘‘urogastrone’’ and it may be an 
exeretory product of enterogastrone. It seems also to inhibit pancreati¢ 
Secretion. Although there is good evidence for all of the humoral agents men- 
tioned, some authorities feel that secretin and cholecystokinin are the only 
gastrointestinal hormones which have been fully established as such, accord- 
ing to strict physiological and biochemical standards. 


INSULIN 


Insulin is the hormone elaborated by the islands of Langerhans of the pan- 
creas. It is essential in carbohydrate metabolism. Its discovery, properties, 
and the theory for its mode of action have been described in Chapter 16. While 
its chief use is in the control of diabetes, it has been recommended in other con- 
ditions as well, including certain liver diseases. Possibly glucose alone would be 
just as useful in some of these, but probably the hepatie conditions are affected 
by this hormone in some specific way. It is also known that insulin hypo 
glycemia is accompanied by increased tonus and motility of the stomach, result- | 
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g in hunger and sometimes increased appetite. Overdoses of insulin to pro- 
ice a State of insulin shock are used in the treatment of certain mental dis- 
ders, often with beneficial effect. 

Insulin is a protein with a molecular weight of about 6,000. Its isoelectric 
int is pH 5.3 to 5.36. It is inactivated by alkali which liberates ammonia and 
proteolytic enzymes which digest it. Its structure was discussed on page 116. 
contains sulfur in the disulfide linkage, —S—S Attempts have been made 
ascertain whether this or some other characteristic group is responsible for 
e activity of the hormone, but thus far it may only be said that certain di- 
Ifide groups and certain amino groups, both of which may be in the cystine 











j —Cr i zine insulin. A, Zine insulin crystals formed at about pH 6; B, one 
ees FECA bal ager oe on motion picture film, as it, rolls across the field ; C, zine insulin 
ystals formed at about pH 5. (From Scott, D. A.: Endocrinology 25: 437, 1939. 


; 
yrtion, and certain phenol groups, possibly in tyrosine, are involved. Abel 
eceeded in crystallizing insulin, and now, by a more simplified procedure, 
ystalline insulin is produced commercially (Fig. 81). This is termed zine 
sulin. Zine is not present in the insulin molecule, but the Bdditeen of zine 
yr cobalt, cadmium, or nickel) aids in the crystallizing process. Crystalline 
sulin is undoubtedly the natural hormone, not a derivative. “ 

The potency of an insulin preparation is expressed in units. A unit is 
iat amount of insulin required to reduce the blood sugar level of a normal rab- 
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bit weighing 2 kilograms, which has been fasted for twenty-four hours, from 
120 mg. to 45 mg. per 100 ml. in five hours. A more exact definition refers to 
a standard preparation of zine insulin erystals kept by the National Institute 
for Medical Research in London. A unit is 4%». mg. of this preparation. Ag 
sold for clinical purposes, insulin comes in concentrations designated ‘“*U-40,— 
“‘U-80,’? and ‘‘U-100,’’ which indicate the number of units per cubic centi- 
meter. Protamine insulin and other types of slowly absorbed insulin are dis- 
cussed on page 438. There is also present in insulin preparations a hyper- 
olycemic factor (HGF), glucagon. (See page 435.) 


EPINEPHRINE 


Epinephrine, adrenaline, or adrenine, is produced by the medulla of the 
adrenal glands. It was first isolated by Abel. Its structure has been deter- 
mined, and it has been produced synthetically by Stoltz. Examination of 
its formula will reveal that it is closely related to tyrosine and phenylal- 
anine, Experiments have been performed in which isotopically labeled phen- 
ylalanine was fed to animals and was shown to have been converted into epineph- 
rine. The radioactive carbon was located in the carboxyl and a-carbon positions 
of the amino acid, and the epinephrine recovered was found to bear a CO" at the 
position corresponding to the a-carbon. (Gurin and Delluva.) 








CH,—CH—COOH CH,—CH—COOH 
ees | * 
r a. NH, Pa NH, = 
Vv \/ ' 
| ; 
OH y 
Phenylalanine Tyrosine . ‘ 
CH(OH)—CH, CH(OH)—CH, 
| ‘ 
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HoO— | HO— | | 
Vv VY 
OH OH 
Epinephrine Nor-epinephrine 


Since epinephrine possesses an asymmetric carbon, two stereoisomers are pos- ) 
sible. The natural form is levorotatory and is fifteen times more potent than the 
dextrorotatory form. It is isolated from adrenal tissue by extraction with 
dilute acid, precipitation of protein with alcohol, and treatment of the filtrate 
with ammonium hydroxide, This precipitates the free base, a white substance 


which on exposure to the air is easily decomposed, and becomes pink, red, and 
finally brown. 
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Epinephrine is a ‘‘sympathomimetie’’ substance; that is, its effects re- 
mble those produced by the stimulation of the sympathetic nervous system. 
hese effects include constriction of the arterioles of the skin, mucous mem- 
ranes, and splanchnic viscera, except the arterioles of the intestines. The 
itter dilate as do also the vessels of the muscles and the coronaries under 
1e influence of adrenaline. The constricting effect has a greater influence on 


lood pressure than the dilating effect and, therefore, epinephrine generally 
roduces a rise in blood pressure. 


Epinephrine has an inhibitory effect upon the muscular tone of the stomach, 
itestine, bronchioles, and wall of the urinary bladder and upon the movements 
f the gastrointestinal tract. On the other hand, the muscles of the sphincter of 
1e bladder and the intestinal sphincters contract. The effect of epinephrine on 
1e uterus varies with the species and the state of the uterus; that is, whether 
is gravid or not. In the human being, epinephrine causes it to contract only 
uring pregnancy. The nonpregnant human uterus is inhibited. The pupil of 
1e eye dilates as a result of contraction of the radiating fibers of the iris. It 
iereases the rate and force of contractions of the heart. 


It is now known that the adrenal medulla produces two hormones of very similar struc- 
re, epinephrine and norepinephrine, The presence of the latter in adrenal medullary ex- 
acts was suspected for a long time and was first demonstrated by pharmacological methods 
y von Euler. It has recently been isolated and characterized physiologically and chemically 
roldenberg; Tullar; Tainter). Norepinephrine, also called noradrenaline and L-arterenol, 
ffers from epinephrine structurally in having an H in place of the methyl group. It 
so differs significantly in its pharmacological action. It is now believed that epinephrine 
ises blood pressure only because it increases cardiac output. It is an over-all vaso- 
lator. Norepinephrine is a vasoconstrictor, except in the case of the coronary and in- 
stinal arteries, and does not change the cardiac minute volume. They also differ in their 
fects upon the central nervous system, since norepinephrine produces less anxiety and 
scomfort. 

Since these facts seem to be at variance with some of the statements made above, it 
ould be remembered that the effects described were obtained with the mixture of the two sub- 
ances ordinarily present in extracts of adrenal medulla commonly used. Such a mixture 
ntains only about 10 to 20 per cent norepinephrine. Therefore the effects of commercial 
epinephrine’’ are as mentioned above and are due chiefly to epinephrine. Norepinephrine 
so has a much less marked hyperglycemic action than epinephrine. 


The injection of epinephrine causes hyperglycemia and glycosuria. This 
because it increases liver glycogenolysis at first. It can in this way relieve the 
ypoglycemia produced by insulin. Its effect is, of course, greatest if there is 
goodly store of glycogen in the liver. A similar effect upon muscle glycogen 
n also be brought about by epinéphrine, resulting in increased lactic acid. 
his may be transported to the liver, where it is resynthesized to olycogen at the 
pense of muscle glycogen. According to Long, epinephrine may have a 
condary effect, one, however, which leads also to hyperglycemia. The site 
this action of epinephrine, and, to a lesser degree, of norepinephrine, is the an- 
rior pituitary gland. This is stimulated by it to produce the adrenocortico- 
phic hormone (see page 627). The latter is carried to the adrenal 
rtex, which it excites specifically to n/anufacture the adrenal cortical hor- 
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mones. As will be described later, some of these produce hyperglycemia, 
Thus, epinephrine, secreted by the adrenal medulla, indirectly affects the 
adrenal cortex. This action is slower than the primary action of epinephrine. 

Epinephrine also has a ‘‘ealorigenic’”’ action. It increases oxygen consump- 
tion by from 15 to 40 per cent, but norepinephrine has a much weaker action. 
In man the basal metabolic rate rises promptly after the injection of 0.5 ml. 
of the therapeutic 1:1,000 solution. This has no relation to the power of the 
thyroid to raise the basal metabolic rate. There are also stimulating effects 
upon circulation and respiration. It is thought that much of this action may be 
referred to the increased glycogenolysis, with resulting excess of glucose cireu- 
lating and available for oxidation.. This hormone has a number of other minor 
actions, including a stimulation of salivary and tear secretion, increase in the 
rapidity of blood clotting, and contraction of the spleen. 

Solutions of epinephrine have wide application in medicine. The econ- 
striction of blood yessels and the shrinking of mucous membranes make it use- 
ful in stopping bleeding. Also in conjunction with local anesthetic solutions 
it tends to localize, intensify, and prolong their effects. It is used to relax the 
bronchioles in asthmatie attacks, and frequently combats allergic manifesta- 
tions in a dramatie manner. é 


Despite the varied and definite physiological effects of its characteristic 
hormone, the adrenal medulla does not appear to be essential to life. Animals 
may be deprived of the adrenal medulla and get along quite well. No clinical 
syndrome is known which is attributable to a deficiency or disease of the adrenal 
medulla. Consequently its exact importance is really unknown. Cannon’s theory 
that epinephrine is secreted in emergencies in order to raise the blood sugar 
to provide ready fuel for the necessary activity deserves consideration. If this 
is the true function of the adrenal medulla it would indicate why this gland is 


not absolutely essential to life although probably necessary for optimum physi- 
ological performance. 


ADRENAL CORTEX 


Although epinephrine and the adrenal medulla are not indispensable, the 
Same 1s not true of the cortex. An animal with both adrenals completely re- 
moved survives only one or two weeks. This is almost certainly due to the ab- 
sence of adrenal cortical tissue. 

The chief symptoms which occur in such animals are: 


1. A disturbance of the electrolyte and water balance. There is increased | 
excretion of sodium, chloride, and water and retention of potassium. As a Te. 
sult, the sodium and chloride content of the blood decreases, potassium increases, 
and there is hemoconcentration. Although an excess of potassium is generally | 


considered deleterious, it is not certain that death results from potassium poison- - 
ing in adrenal deficiency. 


2. The urea content of the blood rises. This may be due in part to a de. 
crease in renal blood flow; in part, to decreased kidney function. | 
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3. There is great muscular weakness. This is probably secondary to the 
fects upon carbohydrate metabolism and upon the salt and water balance. 

4. There is a decrease in liver glycogen, with hypoglycemia and a greater 
nsitivity toward insulin. It is generally believed that these disturbances in 
rbohydrate metabolism result from a diminished utilization of carbohydrate 
id a decreased formation of sugar from proteins ( gluconeogenesis). The ‘‘Long 
umal’’ strikingly illustrates the general effect. This is an animal with both 
e€ pancreas and adrenals removed. The pancreatic diabetes is not as severe 

the absence of the adrenal cortex as when it is present, thus demonstrating 
e€ opposing effects of insulin and the cortical carbohydrate hormone. More- 
er, the average length of life after operation is about three times as great for 
ose animals that have been both adrenalectomized and depancreatized as com- 
ired with those only depancreatized. The administration of extracts of adrenal 
rtex to normal animals results in an increase in blood sugar, liver glycogen, 
id muscle glycogen (Britton and Silvette). 

Along with a decreased formation of sugar from proteins, there occurs a 
crease in the quantity of protein catabolized. As would be expected, the in- 
etion of cortical hormones into normal fasting animals increases the rate of 
‘otein breakdown. The adrenal cortical hormone must accelerate protein 
tabolism. Consequently the administration of the hormones of this gland to 
normal young animal will retard its growth because they specifically stimulate 
e breakdown of protein tissues. 

5. A reduced ability to withstand stress, such as cold, or mechanical or 
emical shock. This is also probably referable to the primary effects upon 
rbohydrate and electrolyte metabolism. 

6. There is an effect upon lymphoid structures. (See page 613.) 

7. Retardation of growth occurs if adrenalectomy is performed on a young 
‘imal. This undoubtedly indicates some basic action of the adrenal cortex up- 
. all cells of the body, while the more specific symptoms previously mentioned 
dicate the most prominent effects on individual organs. 

Administration of cortical extracts will remedy all of these symptoms, 
ange the chemical picture practically to normal, and extend the life of the 
lrenalectomized animals for months. The production of potent extracts suit- 
le for use in human beings has resulted from these experiments. We owe our 
1owledge, and many patients their lives, to the brilliant work of Rogoff, Hart- 
an, Swingle, Grollman, and their co-workers. 

From an organic chemical standpoint, Kendall, Reichstein, and Winter- 
einer have been particularly active and successful. They have isolated twenty- 
ght erystalline steroids from this tissue. The structure and configuration of 
ese steroids are known in detail, and some have been synthesized. Six or seven 
them have been found to be active physiologically in being able to prolong 
e life of adrenalectomized animals or in preventing or curing single symptoms 
sent in such animals. They are often grouped into two classes from a 
metional standpoint: the ‘‘mineralocorticoids,’’ with a predominant action 


‘ 
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upon electrolyte metabolism, and the ‘“olucocorticoids,’’ with a oe 
effect upon carbohydrate metabolism. 

One of the most active substances obtained from the gland is corticosteron 
an example of the glucocorticoids. Another of the natural steroids presen 
possessing one less oxygen, termed desoxycorticosterone, one of the minera 
ocorticoids, has been prepared synthetically and is widely used therape 
tically. It is much more powerful than corticosterone in its effect upon electr 
lyte balance, although it does not have a favorable effect on earbohydrat 
metabolism. Recently ‘‘compound E,”’ 17-hydroxy-11-dehydrocorticosteromg 
(cortisone), has had a dramatie impact upon medicine. It was first found to 
have a remarkably beneficial action upon the severe symptoms of rheumatoid 
arthritis, and later upon other pathological conditions, and it may prove to 
have Wide applications. (See also page 679.) (Hench.) ‘“‘Compound F,” 
17-hydroxycorticosterone, is also known to be secreted by the adrenal cortex 
and may prove to be of great importance. 


Their formulas are as follows: 










CHOH CH.OH 
C=O C=O 
CH; + CHs 
So 
F 
07\ 4 ’ 
Corticosterone 11-Desoxycorticosterone 
(A*-Pregnene-3,20-dione-11,21-diol) (A*-Pregnene-3,20-dione-21-ol) 
CHOP CH.OH 
CHs\— OH CH. in 
er Oe HOY “~~ 1 OH 
: | | 
Nig hm: CHA ed 
O- e3 Gas & 
17-Hydroxy-11-dehydrocorticosterone 17-Hydroxycorticosterone 


4. _é a) _ 
(A'Pregnene-3,11,20-trione-17[B],21-diol) (A Pregnene-3,20-dione-11,17[],21-triol) 


i In man the syndrome of Addison’s disease represents a hypofunction of 
the adrenal cortex. Many of the symptoms resemble those of adrenalectomized 
animals. These were described by the discoverer of this syndrome, Thomas 
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ddison, in 1855 in these words: ‘‘The leading and characteristic features of 
ie morbid state to which I would direct attention are anemia, general languor 
id debility, remarkable feebleness of the heart’s action, irritability of the 
omach, and a peculiar change of color in the skin, occurring in connection 
ith a diseased condition of the ‘supra-renal’ eapsules.’? To these symptoms 
day would be added low blood pressure, lowered basal metabolic rate, sub- 
rmal temperature, and a disturbance in the water and electrolyte balance. 





7 





i i i ion ; y thenia. Note the 
i — i ; lisease. Universal pigmentation ; advanced as ; 
Eee ctation of the face, hands, feet, and nipples. Font mae eas Je aetapsainy i ah ee 
yerculosis of the adrenals. (Courtesy Dr. Robert T. Frank, New York, N. Y.; 
vice of Dr. B. S. Oppenheimer.) 


‘is includes a loss of Na* and Cl-, an increase in K*, and a loss of body water. 
vere is also a hypoglycemia which indicates that there is a profound effect upon 
rbohydrate metabolism. The kidneys are also affected, resulting In a urea 


tention. The pigmentation occurs in those locations where the normal pig- 
ntation is greatest. Frequently the face and neck and backs of the hands are 
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so deeply bronzed as to cause the afflicted individual to look like a mulatto 
(Fig. 82). 

Treatment with extracts of the adrenal cortex has been very successful, 
This began in about 1929. Since this is a substitution therapy, as most endo- 
erine therapy is, the constant administration of potent extracts is essential, 
The administration of the natural cortical extracts to patients suffering from 
Addison’s disease resulted in marked improvement in many cases. Soon after 
cortisone became available, it was found that a small daily dose of it, plus a 
few milligrams of desoxycorticosterone, controlled the symptoms of Addison’s 
disease as efficiently as glandular extracts. Cortisone is now made by partial 
synthesis from naturally occurring steroidal starting materials. Total syn- 
thesis of cortisone has also been accomplished. (Sarett.) 

Loeb and his co-workers showed that the administration of sodium chloride 
alone was of immense value to sufferers from Addison’s disease. It corrected 
the electrolyte and water imbalance and led to decided improvement of the 
clinical symptoms. The usual treatment today is to combine the salt and 
hormone medication. Sodium chloride is fed or injected in fairly large amounts 
(from 7 to 20 Gm. per day in addition to that in the diet), often along with 
sodium citrate. The citrate ion is oxidized away, leaving a preponderance 
of sodium ions. Before desoxyeorticosterone or cortisone was available, many pa- 
tients were brought out of severe crises of the disease by the parenteral admin- 
istration of physiological solutions of sodium chloride. Today the feeding of 
sodium salts permits the patient to get along on a lower dosage of the hormone, 
or even with none at all, for long periods of time. At the same time the re- 
striction of potassium in the diet is distinctly helpful. 

The administration of desoxycorticosterone, usually as the acetate, affects 
almost exclusively electrolyte and water metabolism. It causes retention of 
sodium and restores the blood sodium level to normal. A retention of water is” 
brought about, thus increasing the volume of the blood plasma and the inter- 
stitial fluid. It increases the elimination of potassium, resulting in a reduction 
of serum potassium to normal and even subnormal levels. Renal function is re- 
stored, so that urea and other nonprotein nitrogenous constituents are excreted, | 
leading to a diminution in the blood N.P.N. There is also a decrease in the | 
total protein, calcium, and cholesterol of the blood serum, probably as the re 
sult of the retention of water and dilution of these constituents (Fig. 83). 

Desoxyeorticosterone acetate is sometimes administered in the form of a | 
pellet of the crystals implanted beneath the surface of the skin. These weigh 
between 100 and 150 mg. each. The dose necessary to maintain the patient at | 
* normal weight must first be ascertained by intramuscular injection. Then one | 
pellet is implanted for every 0.4 to 0.5 mg. required per day. The hormone is : 
absorbed ata slow and uniform rate. This obviates the necessity of daily injec - 
tions. Since desoxycorticosterone does not correct the defect in carbohydrate : 
metabolism, hypoglycemia may occur. It is therefore necessary that the diet | 
contain large amounts of readily available carbohydrate. It should also be: 
mentioned that the hormone does not have a very constant or complete effect 
in banishing the pigmentation of the skin in Addison ’s disease. | 


; | 
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| i See aera aaaoay eas ean fully substitute for the 
x has not been answered to the complete 
atistaction of all of the investigators in the field. It has been claimed that 
ortisone can be used successfully in replacement therapy of individuals who 
ave been bilaterally adrenalectomized. Furthermore, it has been suggested 
lat 17-hydroxycorticosterone may be the only natural secretory Se dinet of 
1e adrenal cortices. (Conn.) However, Ingle finds that neither cortisone 
or 17-hydroxyeorticosterone can fully replace adrenal extract in sustaining 
1e ability of the adrenalectomized rat to perform work. In fact. the amor- 
hous fraction of adrenal cortex extracts is more powerful in this mceot than 
ly single, known steroid. 
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Fig. 83.—Summary of the effects of desoxycorticosterone propionate observed after ten 
vs’ treatment of a group of patients with Addison’s disease maintained on a standard regi- 
m. The serum sodium rose and the potassium fell. The serum N.P.N. fell as a result of 
reased excretion of urea. The serum protein concentration fell because of an increased 
ention of all body fluids, which also accounts for the rise in body weight, and the improve- 
nt in blood pressure. Serum sugar did not rise but, if anything, fell, perhaps because of 
ition. (From Ferrebee, J. W. Ragan, C., Atchley, D. W., and Loeb, R. F.: J. A. M. A. 


* 1725, 1939.) 





The adrenal cortex has a high concentration of both cholesterol and ascorbic 
id. In fact, vitamin C was first isolated from adrenal cortical tissue by Szent- 
Yorgyi. However, since the glands are extremely small, the actual amounts 
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of cholesterol and ascorbic acid are not large in comparison with those present 
in other tissues. Apparently the cholesterol is a precursor of the steroid hor 
mones elaborated by the cortex. The injection of adrenocorticotrophie hor- 
mones, which will be described later, stimulates the adrenal cortex to secrete 
these hormones. When this occurs, both the cholesterol and ascorbic acid con- 
tents of the adrenal cortex decrease in concentration. (Sayers.) The function 
of ascorbie acid in the adrenals is unknown. It may be related to cellular 
respiration and metabolic rate. In stress, there is a greater requirement and 
utilization of ascorbic acid, and this seems to be related to the increase in 
adrenocortical function, which is seen in stressful situations. (Pirani.) It 
will also be remembered that in scurvy, vitamin C avitaminosis and arthritie 
symptoms are seen. Cortisone prevents these from occurring in the guinea 
pig, whereas desoxycorticosterone aggravates such symptoms. Hence, it is 
possible that ascorbic acid is a necessary component of the oxidation-reduction 
system which produces the oxy type of adrenal hormones, such as cortisone. 
(Hughes.) Another vitamin which is involved in the production of the 
adrenal steroids is pantothenic acid. Animals on a diet deficient in this fae- 
tor develop lesions of the adrenal cortex and fail to have satisfactory adreno- 
cortical function. Apparently pantothenic acid acts as a catalyst in the pro- 
duction of these hormones. (Cowegill.) 

The adrenal-cortical secretion is partly under the control of the adreno- 
corticotrophie hormone of the anterior pituitary gland. It is also under the in- 
fluence of the autonomic nervous system, the stimulation of which releases 
epinephrine. This hormone causes an increased activity of the adrenal cortex, as 
mentioned previously, by stimulation of the anterior pituitary to produce ACTH, 
which in turn stimulates the adrenal cortex. (MeDermitt.) However, the various 
types of stresses which are associated with increased activity of the sympathetie 
nervous system (pain, trauma, heat, cold, burns, hemorrhage, ete.) all evoke the 
secretion of adrenal-cortical hormones, and these cause the manifcld physi- 
ological effects described previously. The relationship between the anterior 
pituitary gland and the adrenal cortex will be discussed further in a subse- 
quent portion of this chapter. 

The Adrenogenital Syndrome.—The adrenal cortex seems to be the origin © 
of many instances of abnormal sexual changes. Sometimes definite tumors of the : 
cortical tissue have been found to account for these changes, but other cases | 
of tumors of the same types of cells are not followed by these symptoms, and | 
most of the cases have shown at autopsy glands which were either grossly normal - 
or more or less hyperplastic (i.e., increased in amount of tissue). The sexual | 
changes are mostly toward the masculine side. If they oecur very early in life, , 
they may produce, in the female, pseudohermaphrodism, that is, the external 
genitals become masculinized to such an extent that they resemble male organs. - 
There are also changes in the secondary sexual characteristies. In very young § 
girls the exe ecus and the breasts may assume adult size and appearance and | 
menstruation may occur. In adult women masculinizdtion oeeurs—the voice 


. 


epens, the breasts atrophy, menstruation ceases, the pubic hair changes to the 
ale pattern, and a beard may grow on the face. Boys likewise show precocious 
xual development, and sometimes both boys and girls acquire unusual muscula- 
re. In the adult male this condition is rather rare but when it occurs 
ere is sometimes an exaggerated male sexual development and desire, some- 
nes a feminization, but frequently no sexual changes whatever. 

The cause of this syndrome is unknown. Some maintain that it is due to the 
perfunctioning of certain cortical cells which secrete a masculinizing, or 
drogenic, substance. Others suggest that there is present in the cortex 
yisexual’’ glandular tissue which is controlled by the pituitary gland and 
n secrete both androgens and estrogens. (Vines.) In the fetus, shortly 
ter the differentiation of the gonads has been completed, there is an 
indrogenic phase.’’ If this is continued too long in the female, it may produce 
ose masculinizations described for the young subject, including pseudo- 
rmaphrodism. Adolescent virilism is believed to result from later fetal 
isculinization without affecting the gonad and remaining latent until puberty. 
is definitely known that the adrenal cortex can elaborate both androgens and 
trogens. Reichstein and Shoppee isolated from beef adrenals adrenosterone 
ich has about one-fifth the androgenic potency of androsterone, a ‘‘male’’ 
x hormone to be discussed later. Its relationship to one of the typical cor- 
al steroids, 11-dehydro-17-hydroxy corticosterone is shown below. The lat- 
> is one of the hormones capable of supporting life in an adrenalectomized 
imal. 





O 
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O7 
11-Dehydro-17-hydroxycorticosterone Adrenosterone _ 
(A*t-Pregnene-3,11,20-trione-17 [8 ],21-diol) (At-Androstene-3,11,17-trione ) 


e urine of patients suffering from this syndrome frequently, but not always, 
itains increased amounts of androgenic substances, the ‘‘17-keto-steroids’’ 
e page 637). Cortisone frequently has a beneficial effect. 

Effect of Adrenal Cortex on Lymphoid Tissue.—An additional function 
the adrenal cortex has recently been shown by White, Dougherty, and Chase. 
had first been found that there was an inverse ratio between the size of the 
renal cortex and that of the thymus gland. In adrenal cortical deficiency 
re is hypertrophy of the thymus, and atrophy of the thymus follows increased 
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activity of the adrenal cortex. (Selye.) When cortical hormones are injecte 
into normal animals, a rapid decrease in the number of circulating lymphocytes 
occurs. This is followed by a rise in total serum protein and particularly im 
serum globulin. The adrenal cortical hormone, corticosterone, stimulates a dis- 
integration of lymphocytes in the lymphoid tissues and in the blood. This 
‘‘lymphoeytolysis’’ releases the contents of these lymphocytes into the body 
fluids and ultimately into the blood stream. Extracts of normal lymphocytes 
have been shown to contain a substance similar to, if not identical with, the 
y-globulin of the blood. In animals previously immunized to antigenic sub- 
stances before treatment with cortical hormones, the concentration of the specifie 
antibodies rises faster and to higher levels than in those animals not receiving 
the hormone. This suggested that the lymphocyte serves as a storehouse for 
labelled y-globulin, or immune bodies. Experiments using lymphocyte extraets 
from immunized animals showed a concentration of immune bodies in the lymph 
tissues greater than that of the serum. Disintegration of the lymphocytes after 
administration of adrenal cortical extract caused a rise in serum antibodies. 
Similarly, if immunized animals are exposed to any of the various stresses whieh 
call forth the secretion of adrenocortical hormone, they will likewise have higher 
concentrations of antibodies in their sera. The same is true of the injection of 
adrenocortical hormone. 

Therefore, it would seem that the lymphoid tissue, in general, and lympho- 
cytes in particular, act as a storehouse for antibodies and that’ this tissue is 
under the control of the adrenal cortical hormone for the disintegration of 
lymphocytes and the ultimate release of antibodies into the blood stream. 


THYROID GLAND 


The early work on the thyroid gland was complicated by the fact that in- 
vestigators did not know of the existence of the parathyroids. The thyroid con- 
sists of two lobes, one on each side of the trachea just below and anterior to the 
larynx, with a connecting ‘‘isthmus.’’ It weighs about 30 grams. There are! 
usually four parathyroids, two at or near the dorsal surface of each lobe of the: 
thyroid, but there may be fewer than four, or as many as eight, and their loca-: 
tion is similarly variable. They are very small and are closely connected with, 
or imbedded in, the thyroid tissue. Consequently, when the thyroids were re-: 
moved for experimental purposes, all of the parathyroids were sometimes re-' 
moved at the same time. This resulted in a loss of both the thyroid and, 


parathyroid secretions. In 1891 the importance of the parathyroids was recog-' 
nized and the confusion was dispelled. 


The thyroid gland is composed of a large number of tiny closed vesicles: 
lined with epithelial cells and filled with a colloidal material commonly called: 
‘‘eolloid.’’ It is richly supplied with blood vessels. The colloid material, which! 
probably contains the hormone secreted by the cells, is believed to be reabsorbed t 
by these cells and to be secreted into the blood stream. 


Any enlargement of the thyroid gland, except of an inflammatory or 
malignant character, is termed a goiter. Simple goiters are not accompanied! 
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constitutional symptoms. They are said to occur more frequently in certain 
ions of the earth—those far from the ocean or shielded from sea breezes by 
+h mountains. Sea water contains relatively high concentrations of iodine and 
is generally stated that the lack of iodine in the drinking water and foods in 
Se regions is associated with the prevalence of this condition. (See page 
.) Other types of goiters are seen both in hypothyroidism (eretinism and 
xedema) and hyperthyroidism (exophthalmie goiter and toxic adenoma). 

The hormone secreted by the gland contains iodine. In fact, more than 
f of all the iodine in the body is concentrated in the thyroid. Ap- 
ently the thyroid is a sort of trap for excess iodine. A gradient of iodine- 
concentration is established so that the concentration of iodine in the 
roid is many times that of the cireulating blood. Normally the blood eon- 
ns about 0.5 wg. per 100 ml., and the thyroid tissue can hold about 10 pg. 
*100 Gm. This gradient of 20:1 is increased to several hundred to one by 
ivation of the thyroid by thyrotrophic hormone (see page 627), by iodine 
iciency, or in Graves’ disease. This concentrated iodine is probably within 
cells. The relationship of iodine to the thyroid has long been known, and 
ine has been used in the treatment of simple goiter for over a century. It 
nore effective in preventing simple goiter than in curing it. There is pres- 
-in the gland an iodized protein called thyroglobulin or iodothyroglobulin. 
is has marked physiological properties. In 1919 Kendall obtained a erystal- 
2 substancesfrom thyroid which is highly active. He called it thyroxine 
1 Harington and Barger established its chemical formula as: 
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Thyroxine 


will be noted that thyroxine is closely related to tyrosine. In fact, much of 
, iodine present in the gland (about 70 per cent) is present as an even 
ser relative to tyrosine, namely, diiodotyrosine, which has little physiologi- 
activity, and some monoiodotyrosine. (Fink and Fink.) 
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Diiodotyrosine 


It is believed that diiodotyrosine is the precursor of thyroxine. This is on 
basis of experiments in which radioactive iodine was used in both injection 
| tissue slice experiments. The evidence indicated that the tagged iodine 
it through the diiodotyrosine stage before being incorporated into thyrox- 

(Taurog and Chaikoff.) 
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. ~ . . , a 4 

Gross and Pitt-Rivers have isolated from thyroid tissue 3,5,3’-triiodothyro- 
nine. (Thyronine is the iodine-free skeleton of thyroxine.) This has five times 
the physiological activity of thyroxine and is present in relatively small amounts, 


I 
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3,5,3’-Triiodothyronine 


It is suggested that this compound is the peripheral thyroid hormone and that 
thyroxine is its precursor. Apparently the iodination of tyrosine, with the 
formation of diiodotyrosine, oceurs after iodine, in the form of iodide, is taken 
up, concentrateckirom thirty to several hundred times by the thyroid gland, 
converted to nascent iodine, and incorporated in the thyroglobulin molecule, 
The gland then converts diiodotyrosine into thyroxine, which, in turn, is 
changed to triiodothyronine, perhaps in the peripheral tissues. The cireu- 
lating blood contains thyroxine and small amounts of triiodothyronine. 

It is possible that neither thyroxine nor triiodothyronine is the true thy- 
roid hormone. Some authorities maintain that it is a much Jarger molecule, 
such as thyroglobulin or a peptide complex containing one or more of the 
iodine-containing compounds. Thyroglobulin has a greater activity than 
thyroxine in proportion to its iodine content. “fhe estimation of protein-bound 
iodine in blood is considered a good measure of thyroid function. 


Two functions are attributed to the thyroid gland. It has a profound effect | 


upon the growth and development of the body, and it has a stimulating effect | 
upon total metabolism. ) 


In young animals, removal of the thyroids, without disturbance of the para-. 
thyroids, results in an arrest of growth. In the human being a similar effect is: 
seen when the thyroid is atrophied at birth. The resulting condition is termed | 
cretinism. Cretins are abnormal dwarfs. They frequently have bowed legs, | 
thick skin, and coarse hair. Although they may grow to adulthood, they do not’ 
develop mentally. The sex organs remain small and the abdomen becomes dis-' 
tended. In the adult the clinical condition of hypothyroidism is known as} 
myxedema, The symptoms include changes in appearance of the patient—the) 
skin becomes thick and puffy, and there tend to be swellings under the eyes. 
This is said to be due to the deposition in the skin of additional protein material. | 
Although general intelligence is not impaired, the patient is slower in thinking, 
as well as in movements. There is a low B.M.R., an increased deposition of fat, 
and high blood cholesterol. The sexual functions are usually diminished. 


In cretinism, treatment with thyroid preparations must be begun very early: 
to have any beneficial effect, and the treatment must be continued as long as the: 
thyroid gland fails to function. Myxedema yields to treatment quite? 
dramatically. Whether thyroid gland or thyroxine is given, the patient isi 
usually brought back to a normal state (Figs. 84 and 85) | 
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The influence of the thyroid upon metabolism is more evident in cases of 
rperthyroidism. In exophthalmic goiter the basal metabolic rate increases 
msiderably above the normal figures—80 perv cent above normal is not unusual. 
onsequently more food is consumed, in spite of which a loss of weight usually 
curs. The high metabolic rate demands a more rapid glycogenolysis, resulting 
a mild hyperglycemia, and sometimes a small amount of glucose in the urine. 
1e patient often feels hot because of the increased heat production. Other 
mptoms include protrusion of the eyeball and dilated pupil, mental excite- 
ent, and irritability. There is also an accelerated pulse, cardiac dilatation, 
id other cardiac effects. The hormone appears to act directly upon heart 
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ini se 7 weeks ypical cretin: protruding tongue, coarse hair, 

bilicat ee Avy akin: ep al Ratt Subtivenal temperature, mentally dull and inactive, 
aly cries, indifferent feeder. Desiccated thyroid medication begun. ‘ ae neds 

B, Age, 10 weeks. Striking improvement in ye dbase Bidet Ss pase normal; nursing 
sfactorily ; extremities warm. Note PR ei expression. 

y 514 years. Norma sntal and physical progress. 

4 oe irl he lias alana or ounces; height, 49% inches. Normal mentality. 

D, Age, 9 by srapheae es ai ith be rating in basic subjects, particularly mathematics, in 
* » el Mencia cts usually defective. Thyroid therapy has been continued through- 
a on je Bes Cc. G.: Arch. Pediat. 57: 432, 1940.) 


iscle to produce this more rapid rate. Tissues from an animal which has had 
thyroid removed have a decreased metabolism; addition of thyroglobulin in- 
ases it, but thyroxine does not. If the tissues derived from an animal which 


; been fed thyroid are tested, they also are found to have an increased 
tabolic rate. Hyperthyroidism may be combated by surgical removal of 
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some of the overactive thyroid tissue. A chemical method of accomplishing 
the same effect is by the administration of thiourea or thiouracil (or of large 


doses of sulfonamides). 


H,N HN — CH 
| || 
s= é Si & CH 
. | 
“a HN — CO 
Thiourea Thiouracil 


These antithyroid drugs cause inhibition of the secretion of the hormone by 
the gland, probably by preventing the coupling of two di-iodotyrosine molecules 
to form thyroxine. (Dempsey and Astwood.) They do not interfere with the 
action of the hormone if it is administered simultaneously. The 6-propyl de 
rivative of thiouracil is five times as potent as thiouracil itself and is much 





Fig. 85.—Spontaneous myxedema before and after treatment witl a Ree | 
Ephraim Shorr; case of Dr. David P. Bare) bined (Courtesy ae 
less toxic. Substances of this type are said to be present in certain foods, the: 
excessive ingestion of which causes simple goiter. Since they inhibit the: 
formation of the thyroi PLA 
oe é ‘a the thyroid hormone, the pituitary gland secretes oreater quan-) 
Itles 0 the thyrotrophie factor, and a compensatory hypertrophy of thes 
thyroid results. (See page 627.) Among the ‘‘ooitrogenic’’ foods are ecab- 
bage and related vegetables Broke gies * 
ts d eens vegetables, turnips, soybeans, peanuts, and the seeds of 
mustarc e An antithyroid factor has been isolated from turnips and other 
goitrogenic vegetables. Evidence points to its identity as L-5-viny]-2-thio4 
oxazolidone. (Astwood.) : : 






3 Thyroid preparations are often used to increase the basal metabolic rate. 
This may be necessary in certain types of obesity, especially if hypothyroidism 
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} present. Because of the effects upon the circulation, this must necessarily be 
one with caution, for thyroid administration is quite dangerous in many eases. 
ot only thyroglobulin and thyroxine possess this calorigenic action, but also 
ther closely related substances. These must have as a minimum requirement 
vo atoms of iodine attached to a tyrosine nucleus. Simply iodinating a protein 
ill give it thyroidlike properties. 


THE PARATHYROID GLANDS 


The close anatomical relationship between the parathyroid and the thyroid 
lands has been mentioned. When both are removed experimentally, the animals 
evelop severe tetany and often die. This particular symptom is due to the 
ss of the parathyroids. Since tetany may also be produced by other 
ethods, this type is called tetania parathyreopriva or parathyroid tetany. 
‘ the parathyroids are removed in a human being, either accidentally when the 
irgeon is excising thyroid tissue or in the case of a malignancy, tetany may 
scur. This is a danger even if a considerable proportion of parathyroid tissue 
mains, since this remaining tissue may not immediately produce a sufficient 
mount of the hormone. MacCallum and Voegtlin showed, in 1908, that parathy- 
yidectomy was followed by a diminution in the calcium content of the blood se- 
am and a rise in the phosphorus. The calcium and phosphorus excretion in the 
rine are both diminished. The tetanic symptoms seem to be due to a low calcium 
m content of the serum because the intravenous injection of calcium salts re- 
eves them very quickly. It is now well established that the parathyroid hor- 
one’s role is that of a regulator of the levels of these two elements. Administra- 
on of this hormone, obtained by Collip from beef parathyroids, is also effective 
| parathyroid deficiency. It not only relieves the tetany within a few hours, 
it also brings the calcium and phosphorus blood values back to normal. 

The parathyroid hormone, parathormone, is protein in nature, since it can 
2 digested by proteolytic enzymes. Probably two proteins are present, one 
aving a molecular weight of about 20,000 and another of about 500,000 to 
000,000. (Ross and Wood.) Administration of it (1) raises the blood 
ilcium and lowers blood phosphorus, (2) increases the elimination of 
th in the urine, (3) causes the migration of calcium from the bones if this 
ement is not available in sufficient amounts in the food, and (4) increases 
ie phosphatase activity of the serum. There are several theories to account for 
ese effects, but no general agreement has been reached. Some believe that the 
yrmone acts directly on the bones, stimulating cellular activity and the re- 
oval of calcium. Greenwald suggests that the hormone is necessary for the 
rmation of very slightly dissociated calcium compounds in blood. It may 
ren be the very substance, X, which unites with calcium to form this organic 
cium compound CaX. There is an equilibrium between the small amount of 
organic ionized calcium, the organic calcium, and the solid calcium of the 
me. Administration of parathyroid extract to a normal individual displaces 


ie equilibrium 
1 Ope ge Ca + 
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to the left. This results in a decreased concentration of calcium ions. Hence 
the inorganic calcium equilibrium is similarly shifted to the left 


Ca++ + POF S Ca,(PO,); 


and bone loses its calcium phosphate. This results in an increased elimination 
of these ions by way of the kidney. According to Albright, parathormone 
causes the secretion of phosphate in the urine, and this results in a lowered 
level of phosphate in the blood. In order to maintain a normal Ca-P solu- 
bility product in the plasma, calcium is mobilized from the bones, and a hyper- 
caleemia results. This is the cause of the inereased secretion of calcium in 
the urine. 

The normal level of calcium in blood serum is about 9.5 to 11 mg. per 100 
ml.; in a completely parathyroidectomized person it falls to from 5 to 7 mg, 
All of the symptoms of parathyroid deprivation may be referred to this low 
serum calcium. The object of therapy, therefore, is to bring the calcium level 
up to normal but not much higher, since hypercalcemia is as dangerous to life 
as is hypocalcemia. At a level of about 7.5 to 9.0 mg. the threshold is found; 
above this, calcium is excreted in the urine. Consequently, if the calcium level 
can be raised until it is just excreted in the urine, a safe level will probably 
be attained. Such a procedure would obviate the necessity of frequent blood 
examinations. Clinicians recommend raising the blood calcium level by admin- 
istering one of the vitamin D compounds, such as vitamin D, (ealciferol) or 
dihydrotachysterol, until calcium appears in the urine. This can be quickly as- 
certained by using the Sulkowitch reagent, a buffered solution of oxalates, which, 
when added to urine, produces an immediate precipitate of calcium oxalate, 
varying in density with the amount of calcium present. It is, of course, neces- 
sary to have the patient on a diet containing sufficient calcium for his needs. 

Hyperparathyroidism may occur in man. It is known as osteitis fibrosa 
cystica or von Recklinghausen’s disease. A high blood calcium, low phosphorus, 
and high plasma alkaline phosphatase are found. Decaleification of the bones 
leads to pains in the bones, deformities and fractures, and, frequently, urinary 
calculi. Cysts in the bones are another characteristic of this disease. It is due to ~ 
a tumor of a parathyroid gland, and the treatment consists in its surgical re- 
moval. This should be done as early as possible—before the bone changes have © 
become irreversible. 

Parathyroid hormone is sometimes given as treatment in lead poisoning. In~ 
chronic lead poisoning the metal is deposited in the bones, displacing calcium — 
from the bone salt. The hormone tends to release the lead just as it does the + 
osseous calcium, sending it into the blood and permitting its elimination by the + 
kidneys. However, if this oceurs too rapidly, the presence of large amounts of © 
lead in the circulation may have serious effects. 


THE PITUITARY GLAND 


The pituitary or hypophysis is a small ovoid gland located at the base of 
the brain. It is attached to the infundibulum, the tubular stalk of the tuber * 
einereum, a diverticulum of the third ventricle, immediately behind the optic * 
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chiasma, and occupies a depression of the sella turcica in the floor of the 
cranium. From our standpoint, the gland may be considered to consist of 
(1) the anterior lobe, the largest and most important part, the dominant endo- 
erine structure, (2) the posterior lobe, which also possesses endocrine activities. 
and (3) the intermediate lobe, which lies between the other two and which may 
have hormonal functions. Methods of study of the functions of the gland begin 
with removal of it in animals. Because of its peculiar anatomical position, this is 
juite a difficult procedure, and injury to the near-by nervous structures is very 
likely tv occur. However, in recent years the technique has been improved so that 
this operation is now frequently performed and much information has been 
gained which is applicable to human physiology. Birds, such as pigeons and 
jucks, have been used successfully, as have the common laboratory mammals, 
particularly the rat. 

In the young mammal hypophysectomy results in a cessation of growth 
ind retardation in development both physically and mentally. The animals 
generally remain immature, their sexual glands do not develop, the epiphyses 
lo not unite, and the first teeth are retained. If the operation is performed 
Ipon an adult animal, there is an almost immediate effect upon all the other 
glands of internal secretion. The testes, ovaries, and secondary sexual organs 
trophy. The thyroids, parathyroids, and adrenal cortex become smaller in 
ize and their activity diminishes. In addition, the animal is apathetic, loses 
ts appetite, and becomes emaciated. Protein, carbohydrate, and fat metabolism 
ull become deranged. One evidence is the hypersensitiveness of the hypophys- 
ctomized animal to insulin, and its resistance to the hyperglycemic effect of 
idrenaline. 

It is obvious that the pituitary must exert powerful influences upon many 
ther glands of internal secretion and, either directly or indirectly, upon all 
Ihysiological activities. In fact, it has been called the ‘‘master gland,’’ since 
ts secretions seem to control those of most of the other important endocrine 
tflands. To be more specific, it is the anterior lobe of the pituitary which con- 
rols most of these vital activities. The posterior lobe should not, however, 
ye disregarded, and for convenience it will be considered first. 


The Posterior Pituitary Lobe 


It has been practically impossible thus far to remove the posterior lobe of 
he pituitary without injuring the anterior lobe or other structures. The 
nost nearly successful experiments have resulted in an increased urinary out- 
yut coupled with an increased water intake. This resembles the clinical condi- 
ion known as diabetes insipidus. As a result, the hypothesis that this disease 
s due to a lack of a hormone elaborated by this gland is commonly held today. 
n diabetes insipidus tremendous quantities of water are taken in, as much as 
10 liters a day, with an excretion of almost as much urine. Most cases yield to 
ubecutaneous administration of posterior pituitary extract. Another effective 
nd convenient method of administration is by absorption by the nasal mucosa. 
$mall wads of cotton soaked with the solution are inserted in the nostril, or the 
lry powdered extract is blown up the nostril with an insufflator. The site 
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of action of the hormone is believed to be the distal renal tubules, where about 7 
10 or 15 per cent of the glomerular filtrate is actively reabsorbed. (See page 
497.) y 
Two other effects of posterior pituitary extracts were discovered as a result 
of studies of their pharmacological effects upon animals and isolated tissues. 
The first is a marked rise of blood pressure and the second is a contraction of 
smooth muscle, particularly uterine muscle. Kamm has separated the extract 
into two fractions: one, having preponderantly pressor and antidiuretic action, — 
termed vasopressin (‘‘pitressin’’), and the other, having mainly the effect upon 
smooth muscle, called oxytocin (‘‘pitocin’’?). Therapeutic doses of these 
preparations have little effect upon blood pressure in the human being, but 
oxytocin finds application in obstetrics when it is necessary to stimulate | 
uterine contractions. Another function of oxytocin is to cause milk ejection 
in the lactating mammary gland. This effect is probably necessary in normal 
lactation. Du Vigneaud and his group have purified both the oxytocie and 
vasopressor fractions to a very high degree. Pure oxytocin, on hydrolysis, 
yields one equivalent each of leucine, isoleucine, tyrosine, proline, glutamie 
acid, aspartic acid, glycine, and cystine and three equivalents of ammonia. It 
appears to be a polypeptide with a molecular weight of about 1,000, with a 
cyclic disulfide structure. The following structure has been assigned to it, 
and a substance has been synthesized on this basis, by the same investigators. 
This seems to be identical with natural oxytocin physically, chemically, and 
physiologically. It is the first synthesis of a polypeptide hormone. 


C,H,OH C.H, 
| 
NH, O CH, Oo CH—CH, 


| | | | 
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od 
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| » ‘1H — C— NH — CH — C— NH — CH, — CONH, 
CH, — CH: 
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di(cH,), 
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Although it has been possible to separate the posterior extract into two, and 
perhaps even three separate fractions, there has remained the possibility that 
all three hormones may be linked together in one giant composite molecule. 
If this is true, then the fractionation has meant that this molecule was split 
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into three smaller molecules, each with its characteristically active grouping 
intact. Recently van Dyke and his collaborators have isolated a protein which 
seems to be pure and possesses pressor, oxytocic (i.e., stimulating the contrac- 
tion of uterine muscle), and antidiuretic activity. This may mean that the 
fee pituitary secretes only one hormone having this triple physiological 
eifect. 


The Anterior Pituitary Lobe 


The anterior lobe secretes a number of important hormones. All of them 
are believed to be proteins, and several have been isolated in pure form. Those 
a cause other glands to function or increase their activity are termed 

trophic’’ hormones from the Greek trophein, to nourish, and this term is 
used as a suffix. Thus there are thyrotrophic, adrenotrophic hormones, ete. 
The thyrotrophic hormone has the specific effect of increasing the amount 
of hormone released by the thyroid gland; the adrenotrophie affects the 
adrenal cortex similarly, ete. There is good evidence that the rate of seere- 
tion of a trophic hormone is inversely proportional to the concentration in the 
blood of the hormone with which it is related. For instance, a high blood level 
of thyroid hormone tends to inhibit the anterior pituitary secretion of thyro- 
trophic hormone, and a low level causes an increased production of it. The 
regulatory effect of this mechanism is evident. 

Growth (Somatotrophic) Hormone.—The presence of an anterior pitu- 
itary hormone, which influences growth, is indicated on the one hand by the 
fact that hypophysectomy inhibits growth and on the other by the occurrence 
of gigantism as a result of pituitary hyperfunction. Gigantism is not infrequent 
in man; the ‘‘tallest man’’ in the cireus is a person whose pituitary was overac- 
tive during childhood, before the closure of the epiphyses limited the further 
growth of his long bones. Such individuals may be quite normal mentally and, 
except for their size, physically. (Fig. 86.) It is considered dangerous to at- 
tempt to stop the growth of these subjects by irradiating their pituitary glands 
because of the possible harmful effects to the other important functions of the 
gland. 

If the overactivity of the gland occurs in an adult, that is, after the 
closure of the epiphyses, a condition known as acromegaly occurs. Here the 
bones become mishapen, particularly the bones of the face. There is also an 
excessive growth of fibrous tissue, resulting in thickened nose, lips, eyelids, and 
broadened finger tips. (Fig. 87.) Acromegaly is sometimes caused by a tumor 
of the anterior pituitary, and in such a case surgery may be attempted. 

The opposite effect is seen in pituitary dwarfism. It is said that if no 
other adequate cause for retarded growth can be found, such as hypothyroid- 
ism, the trouble is likely to be hypopituitarism. (Fig. 88.) In such dwarfs the 
bodily proportions are relatively normal but the sex organs are underdeveloped. 
The administration of anterior pituitary extracts sometimes results in consider- 
able growth of such dwarfs. 

Recently Li and Evans have succeeded in isolating from the anterior 
lobes of ox pituitaries a protein which they consider the pituitary growth hor- 
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Fig. 86.—Gigantism. Height, 6 feet, 8 inches. Note the disproportionate length of the limbs. 
(Courtesy Dr. Robert T. Frank. ) 
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1one. It is a protein that can be destroyed by heat, inactivated by proteases, 
nd precipitated by ordinary protein precipitants. It has a molec cular weight 

t about 44,000 and behaves as a single substance in ele -etrophoresis. This pro- 
sin seems to consist of two polypeptide chains, one having alanine and the 
ther phenylalanine as the N-terminal amino acid. [t causes growth in hypo- 








a Fig. 88. 
Fig. 87. | 7. | 
Fj 87 Acromegaly Note overgrowth of the bones of the jaw, nose, hands, an eet. 
Tig. 7. ) galy. N ve 
ourtesy Dr. Thomas H. McGavack.) 


; SeXUs ‘~haracters 1developed. 
Age, 22 years. Secondary sexual characters ul 1e\ I 


i : 4 ary rarfism. 
Fig. 88.—Pituitary dwar ism. — 
ourtesy Dr. Thomas H, McGavack. ) 
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physectomized rats and is responsible for the effects upon carbohydrate me- 
tabolism and ketogenesis, which will be discussed later. Indeed, the growth- 
promoting effect may be due to a depression of the oxidation of both proteins 
and carbohydrates, thus making these substances available for physiological 
needs, including growth. Since the utilization of carbohydrate and of protein 
is dependent to a considerable degree upon insulin, it is not surprising to note 
that the increase in tissue-protein anabolism, or growth, occurs as a result of 
the synergistic effect of these two hormones. Insulin alone cannot cause such 
action in normal animals, and growth hormone alone cannot do so in depan- 
creatized animals. (Lukens.) Young’s view is that the growth-promoting 
action of the anterior pituitary hormone depends on the availability of extra 
insulin, secreted by the islands of Langerhans under its influence. 

The interrelationship of several glands of internal secretion to pancreatic 
diabetes was discussed in Chapter 16. The particular influence of the pituitary 
may, however, be emphasized at this time. 

It will be remembered that the removal of the pancreas produces hyper- 
glycemia and the extirpation of the hypophysis results in hypoglycemia. The 
two glands seem to have opposing effects. This was shown very strikingly by 
Houssay in 1930. He found that the removal of the pituitary gland lessened 
the severity of the diabetes produced by depancreatization. The animal is 
not cured of diabetes by any means. The hyperglycemia, however, is not as 
severe as in the animal deprived only of its panereas. Moreover, the survival 
of the ‘‘Houssay’’ animal is much longer than the simple diabetic animal, if 
neither receives hormone therapy. The Houssay animal is more sensitive to the 
. Injection of insulin or anterior pituitary extract. That is, insulin produces 
more profound hypoglycemia and pituitary extract more readily causes hyper- 
glycemia in such animals, apparently because the antagonizing factor is absent 
in each case. This demonstrates very beautifully the interplay of hormones. 
Seldom does one hormone have an isolated or unmodified effect. Usually it | 
not only causes its own pharmacological or nutritive action, but also either | 
stimulates or inhibits the secretion of other hormones, or modifies the effect | 
of some other hormone. : 

In man the relationship between the two glands is observed in acromegaly. . 
In this condition of hyperactivity of the pituitary gland, there is frequently | 
seen hyperglycemia and glycosuria. These effects of the anterior pituitary | 
are probably explained on the basis of the action of ACTH, since this causes | 
the adrenal cortex to secrete glucocorticoids. 

Injection of anterior pituitary extracts has variable effects upon the: 
normal animal. In some eases a rise in blood sugar is seen and in some, a fall. 
This seems to depend upon whether the animal is fasted or is well fed, upon * 
the species of animal employed, upon the number and amount of the doses: 
given, and upon other factors. Therefore, it is not surprising that the exis- - 
tence of a number of different principles was formerly postulated, These! 
were called the pancreatotrophie, glycostatic, and diabetogenic hormones. It? 


is now rather definite that all of these effects ean be ascribed to the growth 
hormone. ; 
=~ 


| 
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Thus, in addition to the influence of the adrenocorticotrophie hormone, 
yhich stimulates the production of the adrenocortical] steroids, and thus in- 
irectly affects carbohydrate metabolism, the anterior pituitary has a direct 
ffect. It has a marked anti-insulin action by inhibiting the peripheral utiliza- 
ion of sugar. (De Bodo and Sinkoff.) On the other hand, a single injection 
dministered to fasting rats produces a moderate hypoglycemia. (Milman and 
wussell.) These contradictory effects may be related to the fact that, while 
he growth hormone stimulates the secretion of the extra insulin, it also stimu- 
ites the secretion of glucagon and diminishes the sensitivity of tissues to in- 
ulin. Apparently the type of effect produced by the growth hormone will 
epend upon the balance of these two activities and upon other factors. Usu- 
lly in young animals the growth effect prevails, while in adult animals, espe- 
lally carnivores, the diabetogenic action may be seen. (Young.) 

The injection of anterior pituitary extracts also causes an increase in the 
ormation of ketone bodies. For a time this was believed to be a distinct hor- 
lone, a ketogenic factor, but is now believed to be still another action of the 
rowth hormone. This type of effect is best shown by injection of the growth 
ormone into starving animals or those on a high fat diet; ie., those animals 
aving some degree of ketosis already. It is natural to assume that this action 
; an intensification of the normal production of ketone bodies from fatty acids 
y the liver, but there is no definite proof of the mechanism of this ketosis 
S yet. 

Thyrotrophic Factor.—It was stated previously that removal of the hypoph- 
sis results in a decrease of the size of the thyroid gland. This can be 
revented by the injection of certain extracts of the anterior pituitary, and if 
ich extracts are injected into normal animals, the thyroid will hypertrophy. 
he active principle involved is called the thyrotrophie factor, or hormone. It 
as been obtained in a high degree of purity by Ciereszko and White. It is a 
rotein of relatively low molecular weight. 

This hormone’s action is upon the thyroid, stimulating it to secrete the 
ryroid hormone. Thus it has an indirect action upon general metabolism. 
he removal of the anterior pituitary, or the inhibition of its secretory activity, 
as a result equivalent to hypothyroidism. The injection of the hormone, on 
1e other hand, is similar to the administration of thyroid, or to the production 
F hyperthyroidism with the following effects: (1) enlargement of the thyroid 
land, (2) rise in the basal metabolic rate, (3) reduction in the iodine content 
‘the thyroid gland, (4) increase in the iodine content of the blood, (5) greater 
ipidity of the heart rate, and (6) exophthalmus. There are other results be- 
des these, but it is possible that they are due to the presence of other factors. 

The disorders of the thyroid, observed clinically, may thus be due either to a 
rimary thyroid disease or to an effect upon the thyroid, secondary to some 
isorder of the anterior pituitary. It should also be mentioned in this connec- 
on that these two glands seem to have a reciprocal relationship ; that is, after 
iyroidectomy the pituitary glands become enlarged. as 

Adrenocorticotrophic Factor.—One of the most important principles ae 
rated by this gland is the adrenocorticotrophic hormone, or ACTH. This 
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‘trophic’? substance causes the adrenal cortex to secrete its steroids more 
actively. The anterior pituitary is sensitive to the requirements of the body 
for adrenal cortical hormones and secretes ACTH in increased quantities dur- 
ing stress. The ACTH then acts upon the adrenal cortex, leading to an in- 
creased output of the adrenal cortical hormones and causing hyperplasia to 
ensue. There is considerable evidence that this action is due to an acceleration 
of the synthesis of the corticosteroids rather than merely increasing the rate of 
their release from the adrenal cortex. (Haynes.) This factor, in a manner anal- 
ogous to that of the thyrotrophie factor, can prevent the regression of the adrenal 
cortex which occurs when the hypophysis is removed. Evidence of the close rela- 
tionship between these two glands is seen in the fact that in acromegaly, in which 
the pituitary is overactive, the adrenal cortex also shows an increase in size, 
The adrenocorticotrophie factor is a protein and has been isolated in a highly 
purified state by workers in two laboratories, working independently and 
using pituitaries of different species. (Li; Sayers.) It has a molecular weight 
of about 22,600 and can be heated to 100° C. for a brief period without loss of 
activity. When injected into animals this substance, of course, produces all 
the varied effects which are caused by the adrenal cortical hormones them- 
selves. Furthermore, it can evoke these effects in hypophysectomized animals. 


The influence of the adrenocorticotrophie factor, or indeed of any factor, 
upon the adrenal cortex can be followed by determining either the cholesterol 
or the ascorbic acid content of the cortex. From such studies, it has been 
shown that prior treatment with cortical hormone prevents the usual fall in 
ascorbic acid when the animal is exposed to cold, trauma, ete.; that is, the 
blood level of cortical hormone seems to influence the rate of secretion of 
adrenocorticotrophie hormone. Other factors also seem to be concerned in 
the regulation of the secretion of ACTH by the anterior pituitary. The hypo- 
thalamus may have some action, either by a nervous mechanism, or by some | 
secretion. Finally, there is some evidence that epinephrine, or to a less degree, 
norepinephrine, may stimulate the release of ACTH, especially during acute 
Stress, which activates the sympathetic nervous system. 

M The employment of ACTH for therapeutic purposes is discussed on page 
79. 

Lactogenic Hormone.—The demonstration of a factor of the anterior | 
pituitary stimulating the secretion of milk was accomplished by Riddle, who 
called the hormone “‘prolactin.’’? It ean initiate lactation not only in the ma-— 
ture female breast, but also in the breast of an immature female or of a male if © 
they have been properly prepared by a preliminary treatment with certain - 
other hormones. 

Prolactin was the first anterior pituitary hormone to be obtained in pure * 
form, It is a protein and has been erystallized by White, Catchpole, and Long } 
(Fig. 89). In this pure form it has no growth-promoting, thyrotrophie, dia- - 
betogenic, adrenotrophic, or gonadotrophie activities. Tt is thermolabile and 
is destroyed by tryptie digestion. Clinically, prolactin has been used in de- 
layed or insufficient lactation with encouraging results. (Kurzrok.) | 


. 
| 
i 
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Prolactin alone has little or no influence upon the growth or development of 
the undeveloped mammary gland, although it may have some effect upon the 
srowth of the gland in association with the hypertrophy coincident with the in- 
luction of lactation. The lactogenic hormone initiates lactation in mammary 
zlands suitably prepared by gonadal hormones. The estrogenic hormones do not 
induce mammary growth in hypophysectomized animals. Growth does oceur, 
lowever, in such animals if they receive lactogenie hormone in addition. Pro- 
actin also has gonadotrophie properties, in the rat at least, in that it maintains 
functional corpora lutea in hypophysectomized animals. 


Gonadotrophic Factors.—It has been mentioned that hypophysectomy re- 
ults in atrophy of the primary and secondary sexual glands. These may be 
estored to a normal function by administration of extracts of the anterior lobe 
rr by implantation of living anterior lobe tissue. Since it makes no difference 
vhether the pituitary glands are derived from males or females, it is evident that 
he pituitary hormones involved are identi¢al, and the type of effect produced 
s determined by the sex of the animal affected. 





ig. &! _Crystalline -olactin (900). (From White, A., Bonsnes, R. W., and Long, C. N. H.: 
ig. 89.—Crystalline prolactin x Wee ens) tis, 1948} 
rig =e ada ss ' Pine - ” 
Three anterior pituitary hormones are now recognized as ‘‘ gonadotrophins, 
hat is, hormones which stimulate the sex glands, all of which are active in the 
emale and only two in the male. They are the follicle-stimulating hormone 


hy , y or ° e or in e "Ss ; li y » -S } c 2g , i) 
F.S.H.). the luteinizing hormone, nterstitial cell-stimulating hormone 
[.C.S.H.), and prolactin. The interrelationships of the oonadotrophie and 


he sex hormones are exceedingly complicated. The simplified account which 
ollows. although based on the present state of knowledge, is quite Bney to 
equire modification in the future as new facts are discovered. pee Hig, 90.) 

In the female. F.S.H. stimulates the growth of a oraafian follicle in the 


vary in preparation for the release of the ovum. During this phase of the 
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menstrual cycle the follicle itself secretes a ‘‘female sex hormone,’’ an estrogen” 


ealled ‘‘estradiol.’’ The estradiol induces a proliferation and thickening of the 
endometrium and an increase in its vascularity, thus preparing the uterine wall 


for the reception of the fertilized ovum. The luteinizing hormone controls” 


the development of the corpus luteum. The corpus luteum secretes another 
sex hormone, ‘‘progesterone,’’ while the secretion of estrogen 1s gradually 
diminishing. Prolactin now maintains the corpus luteum in an active state 
for the continued production of progesterone, and progesterone is one of the 
hormones necesssary for maintaining pregnancy. 
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Fig. 90.—Pituitary control of the sexual cycle of the female. This is a simplified dia- 
gram and does not indicate all interrelationships; e.g., follicle ripening hormone requires the 
synergistic action of the luteinizing hormone for the production of estrogenic substance, and the 
luteinizing hormone is complementary to the action of prolactin. (Courtesy The Armour 
Laboratories, Chicago, Ill.; drawn by F. Netter, M.D.) 


In the male, F.S.H. induces the growth of the testes by causing pro- 
liferation of the sperm-forming tissue. Thus mature spermatazoa are produced. 
The secretion of ‘‘testosterone,’’ the ‘‘male sex hormone,’’ is stimulated by 
I.C.S.H. The function of testosterone is to sustain spermatogenesis and to 
develop the secondary or accessory sex organs, the vas deferens, prostate 
gland, and the vesicles. 

Both F.S.H. and I.C.S.H. have been isolated after much difficulty. They 
are glycoproteins, which are soluble in water, destroyed by tryptie digestion, 
by dilute acids and bases, and by heating above 50° C. The follicle-stimulating 
hormone has a molecular weight of 67,000 and an isoelectric point of pH 4.5. 


Tn contrast to trypsin digestion, peptic digestion at pH 4.0 results in a product 
which retains the activity of the native protein, | 
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Chorionic Gonadotrophin 


Chorionie gonadotrophin was discovered by Aschheim and Zondek in 
the urine of pregnant women and became the basis for their pregnancy 
test and modifications of it. This hormone is produced by the placenta 
and appears in the urine shortly after pregnancy begins. It also is formed 
whenever there is abnormal chorionic proliferation, such as hydatidiform 
mole or chorionepithelioma. Such cases must be ruled out when making 
the test. The injection of urine containing this gonadotrophin into immature 
female white mice under standard conditions causes hemorrhage of an ovarian 
follicle in about ninety-six hours. The Friedman modification uses a mature 
unmated female rabbit. In such an animal the injection of the hormone results, 
within twenty-four to forty-eight hours, in follicular rupture and corpus 
luteum formation. The results in both species can be observed macroscopically. 
This gonadotrophin is now considered to possess more luteinizing than follicle- 
stimulating power. It is a glycoprotein containing galactose and has been 
purified to a high degree. (Gurin.) It is usually called the ‘‘anterior pitui- 
tary-like’’ hormone, or A.P.L., but this is not an accurate term because it is 
not effective in hypophysectomized rats, whereas the pituitary hormones are. 


OVARIAN HORMONES 


During the growth of the follicle under the influence of F.S.H., estro- 
gen is secreted, as has been seen. Estrogen is a generic term for a sub- 
stance which induces estrus. This is a cyclic phenomenon of the female repro- 
ductive system. The stages and timing differ in various species, but in general 
there is first a proestrus period during which the follicle ripens and the organs 
of reproduction develop. This is followed by estrus, the period of ‘‘heat,’’ in 
which the female will receive the male. Ovulation takes place toward the end 
of estrus, either spontaneously, or, as in the rabbit, after mating. Then follow 
a period of retrogression of the accessory reproductive organs and a period of 
sexual inactivity. In some animals, such as the mouse or rat, the estrus cycle 
is accompanied by characteristic changes in the vaginal epithelium. Vaginal 
smears, when viewed microscopically, reveal whether estrus is occurring or 
not, and this technique is used to determine qualitatively and quantitatively 
the estrogenic activity of hormones of synthetic substitutes. 

In the human being the reproductive phenomena also show a periodicity, 
but this is not the same as estrus. The follicle matures and the ovum is dis- 
charged, not during menstruation, but at the mid-interval of the cycle, whereas 
during estrus in other animals the vaginal bleeding occurs at a time near ovula- 
tion. However, the estrogen in the human subject has a definite effect upon the 
female organs, inducing growth of the vagina, uterus, mammary glands, and 
accentuating secondary sexual characteristics. Crude extracts of ovary or 
follicular fluid will produce estrus experimentally in immature rats. This was 
shown by Allen and Doisy, and led to the isolation, crystallization, and 
‘dentification of ‘‘theelin.’’? This was the name originally given to the first 
estrogenic substance obtained by Doisy, but now the term ‘‘estrone’’ is 
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commonly used. There are known to be several naturally occurring estro-— 
genie compounds. The most important ones are (1) estrone or theelin, (2) estriol ; 
or theelol, (3) estradiol or dihydrotheelin, (4) equilin, and (5) equileniaay 
These and several other natural estrogens are steroids. Their formulas are: 
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Although estrone was the first of these to be isolated, and for a long time 
was called the female sex hormone, it is not as powerful as estradiol, In 
fact, there is a tendency to regard estradiol as the true follicular or ovarian 
hormone. It is believed that as estradiol circulates it is converted by some 
organ to estrone, and this to estriol. The sequence of reactions is probably: 
estrone — 16-ketoestrone + 16-keto-e-estriol —> estriol. (Stimmel.) Estriol is 
then united with glucuronic acid, forming estriol glucuronide which has little 
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yr no physiological action. Just how much of the hormone is metabolized and 
sxereted in this way is not known. When estradiol is administered to labora- 
ory animals, less than 20 per cent is excreted, partly in this conjugated form; 
he remaining 80 per cent is destroyed in the body. The conjugation may be 
1 step preliminary to its utilization by tissues or to its ultimate destruction. 
The liver is the site of the destruction of estrogens in some experimental ani- 
nals and also probably in the human subject. The ability of the liver to 
netabolize these hormones is dependent upon nutritional factors, among which 
Ss the intake of protein. (Jailer and Seaman.) 


Corpus Luteum Hormone 


The corpus luteum produces progesterone. This hormone seems to be 
‘esponsible for continuing the development of the uterus initiated by estradiol 
ind converting the endometrium to a secretory stage. Indeed it has very little 
ffect unless the uterine development has been started by the estrogenic hormone. 
-rogesterone has a number of other effects, all of which have some bearing 
ipon the reproductive cycle. It inhibits ovulation and has an influence upon 
he growth of the mammary glands, producing development of the acinar 
tructures. The absence of this hormone, brought about by removal of the 
‘corpus luteum during early pregnancy, causes a failure in nidation and im- 
lantation of the ovum, or expulsion of the ovum or embryo if it is already im- 
lanted. 

Although there may be several progestational hormones, the most active 
me is progesterone, which has been isolated and has the following formula: 


CH, 
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Progesterone 
(A*t-Pregnene-3,20-dione ) 





Jote the close resemblance to the structure of 11-desoxycortisterone (page 569). 
t is not surprising, therefore, to find that progesterone has certain adreno- 
ortical properties; namely, those influencing salt and water. Progesterone 
s soluble in most organic solvents and in the vegetable oils but is insoluble in 
vater. It is used clinically to some extent, particularly in the treatment of 
menorrhea, i.e., absence of menstruation in young women. 

The Menstrual Cycle.—At this point it may be of value to outline the 
ffects of the various hormones on the menstrual eyele. True menstruation 


primates. Under the influence of the pituitary gonadotrophie hormone, 
thylakentrin, the follicle matures and an increasing amount of estradiol is 
formed. This occurs during the first two weeks of the cycle. Under the in- 
fluence of estradiol, the endometrium increases in thickness and vascularity 
up to the time of ovulation. The follicle then ruptures and liberates a mature 
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occurs only in man and in the members of a closely related group of the 
. 


ovum, after which the luteinizing hormone causes the ruptured follicle to 
change to a corpus luteum, which forms progesterone. Progesterone, in turn, — 
causes the endometrium to assume a turgid secretory condition and to be~ 
ready to receive and maintain a fertilized ovum. If the ovum is not fertilized, 
the corpus luteum regresses, progesterone diminishes in amount, and the endo- 
metrium breaks down and menstrual bleeding occurs. If the ovum is ferti- 
lized, the secretion of progesterone continues and is necessary for the main- 
tenance of pregnancy. Prolactin, it will be remembered, aids in continuing” 
the secretion of progesterone. (See Fig. 90.) 

Other Effects of Estradiol—Besides its action on the endometrium, estra- 
diol seems to maintain the normal size and function of the various parts of the 
female reproductive organs. It also promotes the growth of the duct tissue 
of the breasts. Moreover, it appears to have a controlling action on the secre- 
tion of the anterior pituitary, so that the ovary and pituitary seem to have 
reciprocal effects. Thus, indirectly, the ovarian hormone may have an in- 
fluence upon the other endocrine glands through its action upon the pituitary. 
A number of other effects have been shown to be due to estradiol, including 
the stimulation of the growth of certain epithelial tissues, especially the 
mucosa of the vagina and of the nose. 


Therapeutic Uses of Estradiol.—In common with the other sex hormones, 
and indeed most of the hormones of whatever origin, estradiol has been recom- 
mended for a multitude of therapeutic purposes, often with no justification. 
It is a very potent substance and may have harmful effects if used indis- 
criminately. Fortunately, upon cessation of administration, the unpleasant 
symptoms tend to disappear. If employed on the basis of its known physio- 
logical effects, it becomes a very useful agent to the physician. 


It is said to be effective in developing the female sexual organs in 
sexual infantilism. In juvenile vaginitis due to gonorrheal infection and 
in other forms of vaginitis it is given in order to stimulate proliferation of the 
mucosa. It promotes the growth of the breasts under certain conditions, but 
also is said to inhibit the pituitary in the control of excessive milk secretion. 

This inhibiting effect upon the pituitary is also believed to be the basis 
for the use of estrogens in controlling abnormal symptoms of the menopause. 
The menopause is that period in which menstruation ceases and the woman 
is no longer capable of becoming pregnant. In most eases it occurs without 
particular disturbance, but in about 15 per cent there ensue a number of 
distressing symptoms. These are chiefly cardiovascular, vasomotor, and 
nervous in nature. To some extent they may be controlled by estrogenic sub- 
stances. Since there is no marked decrease in the estrogenic content of the 
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lood in these cases, the beneficial action of the estrogens is attributed, as men- 
oned previously, to their inhibiting action on the pituitary. 
Stilbestrol—sStilbestrol is a synthetic product which has marked estro- 
enic properties. As can be seen from its formula, it does not resemble the 
feroids from a chemical standpoint. However, it produces practically all the 
hysiological effects that estradiol does. It is administered by mouth. In 
me cases unpleasant ‘‘side effects’’ are seen, but usually if the dosage is 
arefully regulated these do not occur. The formula of the more potent diethyl 
erivative is: 
Pra 
7, = ; 
wo » —b=0—¢ \—0H 


C,H, 
Diethylstilbestrol 


THE TESTICULAR HORMONE 


One of the first attempts to demonstrate the presence of a male sex 
ormone was that of Brown-Séquard. In 1889, at the age of 72, he gave testicular 
‘tracts to himself and felt that he experienced increased vigor and strength. 
hese and similar experiments have not been convincing, and there is no 
vidence that the testicular secretion has any relation to the phenomenon 
fF aging. The testes, however, do secrete a definite hormone. As has been 
en, the actual production of this secretion is regulated by the anterior 
ituitary. It can be demonstrated in several test animals. For example, injec- 
on of testicular extracts into capons causes the growth of the comb, wattles, 
id ear lobes (Gallagher and Koch). It has a similar growth-promoting effect 
pon the combs of male chicks. It also inhibits ovulation in hens and has the 
irious effect of causing the ovipositor of the female bitterling, a small fish, to 
erease in length, a phenomenon which occurs during the natural sexual 
‘ele. The effective substance, or substances, can be isolated not only from tes- 
eular tissue, but also from urine. The androgens, as they are generically called, 
so have some estrogenic properties. Thus the term male hormones is not strictly 
yplicable. Furthermore, the occurrence of estrogenic and androgenic substances 
seen in the urine of both sexes, although androgens usually predominate in the 
‘ine of males and estrogens in that of females. The chief functions are to 
-oduce normal development of the male reproductive organs and to maintain 
e secondary male characteristics. Under its influence the descent of the testes 
curs. ‘Testosterone is also effective in sustaining spermatogenesis (Smith). 
he secondary male characteristics which develop in its presence are the deep 
ice, the growth and pattern of facial and body hair, and the male type of 
eletal muscular development. It inhibits mammary development and function 
id stimulates libido in both the male and the female. The male hormones con- 
‘tute one factor in the production of baldness. Age and inheritance are other 
etors involved in bringing about this condition, but baldness does not ensue 


thout androgenic stimulation. (Hamilton. ) 
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The structure and the chemistry of the androgens have been worked out 
largely by Butenandt and by Ruzicka and their colleagues. They also are 
steroids. Testosterone is probably the characteristic hormone, and andro 
terone seems to be a transformation product of it. Intermediate product@™ 
are A‘t-androstene-3,17-dione and epitestosterone (A*-androstene-3-one-17 [B]-ol). 
(Kochakian.) The liver is probably the site of the inactivation of androgens” 


as well as of estrogens. . 
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Clinically, testosterone is used where the testes are absent or are unable to 
function, Such individuals may have an effeminate appearance and build, with 
broad hips and prominent breasts, feminine pattern of pubic hair, slight growth 
of facial hair, and a high-pitched voice. They usually are easily fatigued and 
have a low basal metabolic rate. These symptoms will vary greatly with the 
age of onset of the disorder. The administration of suitable doses of testosterone 
may relieve many of these symptoms. It often brings about enlargement of the 
sexual organs, prostatic secretion, the growth of pubic and axillary hair as well 
as a beard, and deepening of the voice. Such individuals acquire sexual desire 
and may become fathers if there is potentially functional testicular tissue 
present. The use of the gonadotrophic hormones is theoretically sounder if there 
is testicular tissue which can be stimulated. The administration of large doses 
of testosterone to women may have masculinizing effects. 


In eryptorchidism, that is, failure of the testes to descend in the normal 
manner, testosterone seems to be of considerable value. If testosterone is ad- 
ministered in high therapeutic dosage for long periods of time (for example, 
25 mg. daily for four to six weeks), atrophy of the sperm is likely to result. 
However, such an effect may be reversed if treatment is discontinued for a 
similar length of time. 7 

Steroid Interrelationships.—The reader must have been impressed by the — 
curious fact. that all the sex hormones are closely related chemically. Only — 
slight changes in certain parts of the molecule are needed to transform a 
‘“female’’ to a ‘‘male’’ hormone. It is also interesting to note that the adrenal 
cortical hormones are also steroids and that abnormalities in sexual develop- 
ment are often traced to the adrenal cortex. Furthermore, the adrenal cortex 
can manufacture both androgens and estrogens, and conversely, the sex hor- 
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ones also have some adrenal-cortical functions. Progesterone, for example, 
Ss some effect in ameliorating the symptoms resulting from adrenalectomy. 

The interaction of the glands of internal secretion has been noted above 
several connections. Undoubtedly many other relationships obtain. Selye 
S shown some of these in his hypothesis of the ‘‘General Adaptation Syn- 
‘ome.’’ This states that the prolonged exposure of an individual to stress, 
ch as pain, fear, cold, or infection, leads to (1) the alarm reaction, (2) the 
age of resistance, and (3) exhaustion. Many nervous impulses come into 
ay and are related to hormonal releases, especially those of the pituitary- 
renal system. However, from the purely biochemical standpoint, there is 
lieved to be, during the first stage, a breakdown of body proteins with an 
crease in the content of protein catabolites and proteolytic enzymes in the 
ood. This seems to be due to a generalized disintegration of body cells. At 
e same time these stresses result in an enlargement of the adrenal cortex. 


The hormonal defense mechanism is characterized by a decreased secre- 
m of most of the anterior pituitary hormones but an increased output of 
STH. This causes the adrenal cortex to secrete its hormones, especially the 
ucocorticoids, in increased amounts. The effect of these products is mani- 
ld. There is involution of the thymus gland and other lymphatic organs. 
ie blood count is greatly changed. Gluconeogenesis is stimulated, and a 
e in blood sugar ensues. There are many other effects, and Selye considers 
possible that a number of diseases may be listed as ‘‘diseases of adapta- 
n.’? Among them are hypertensive diseases, nephrosclerosis, nephritis, peri- 
teritis nodosa, rheumatic diseases, gastrointestinal ulcers, gout, diabetes 
sllitus, and Cushing’s syndrome. 


The determination of the metabolic products of some of these steroids in the 
ine has become of considerable clinical importance. The ‘‘17-ketosteroids’’ 
particular are of interest. This term refers to those steroids possessing a 
tone group at position 17. An example is androsterone, the formula of which 
given on page 636. Other important 17-ketosteroids are two isomers of andros- 
‘one, dehydroisoandrosterone and estrone. The determination involves hy- 
olysis to free the steroids from their ester combinations, extraction with organic 
vents, and removal of phenolic substances, including estrone. After further 
rification they can be determined quantitatively by color reactions. Since 
rone has been removed, the figure obtained is an index of the steroid secretory 
tivity of the adrenal glands in the female and of the adrenal glands and testes 
the male. 

In normal adults between the ages of twenty and forty years, the twenty- 
uw hour excretion of the neutral 17-ketosteroids ordinarily ranges from 7 
12 mg. in women and from 12 to 17 mg. in men. The greater output by 
.n is ascribed to the fraction produced by the testes. The values are ex- 
essed in terms of milligrams of androsterone. In childhood the amounts rise 
ym 1-2 mg. for children at 3 or 4 years of age to about 8-9 mg. at 11 years. 
ove 12 years, boys excrete 8-13 mg., and adult values are reached at the 


e of 18 years or even younger. 
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In old age, low values are found in both sexes. Pathologically, derange. 
ments of the adrenal cortex, testis, and anterior pituitary are accompanied by 
changes in the 17-ketosteroid output. Decreased amounts are excreted in hypo 
pituitarism and also in acromegaly. In Addison’s disease there is also a loy 
elimination. In hypogonadism in both sexes a low output is sometimes, but nof 
always, seen. High values are found in adrenal cortical hyperfunction or i 
testicular hyperfunction, as in certain tumors of these glands. However, the 
adrenogenital syndrome does not always result in an increase in these steroids 
if it does not, it may indicate a simple hyperplasia rather than a tumor. 

Recently it has been indicated that the determination of 17-hydroxycorti- 
coid excretion in the urine affords a more sensitive measure of adrenal activity 







than the alteration of the 17-ketosteroid excretion. (Thorn.) The 17 hydroxy- 


corticoids, which have been isolated from human urine, include 17-hydroxy 
11-dehydrocorticosterone (cortisone), its dihydro and tetrahydro metabolie 
duetion products, 17-hydroxyeorticosterone, estradiol, and estriol. (Schneider. 


BIOSYNTHESIS OF STEROID HorMONES.—By perfusing the respective glands 
with solutions containing labeled acetate, it has been shown that the complex 
steroid hormones are synthesized from the simple two-carbon chain. Thus 
adrenal hormones are produced by the adrenal gland, testosterone and A‘-andro 
stene-3,17-dione by the testis, and estrone, £-estradiol, and cholesterol by the 
ovary. (Werthessen. ) 

The relationship of the steroids to cancer is also of growing importance. 
There is some experimental evidence that continued overdosage with estradio 
will produce tumors but that discontinuous treatments are without this effect. 
Progesterone and testosterone have an ‘‘antitumorigenic’’ action upon these 
tumors produced by estradiol. (Lipschutz.) Some clinical improvement is seen 
in some cases of metastatic carcinoma of the prostate when estrogens are ad- 
ministered. Castration, that is, deprivation of androgens, has a similar effect. 
It is also noteworthy that two carcinogenic compounds, which are not steroids, 
are also estrogenic. (Cook and Dodds.) 


ANTIHORMONES AND Hormone ANTAGonists.—Antihormones are substances 
antagonistic to their respective hormones and may be produced when the hor- 
mone is administered in large amounts and over a very long period. Collip and 
Anderson found that an experimental animal could be made resistant to the 
thyrotrophie hormone of the pituitary in this way. Only relatively few hor- 
mones have this action, and all are protein in nature. They are apparently 
analogous to antibodies and do not have the importance which was at first 
attributed to them. 











Another type of antagonist may arise from the synthesis of substances 
having structures which differ slightly from the effective natural produet. 
Woolley has produced compounds which antagonize thyroxine in its effect 
upon the tadpole. Several ethers of N-acetyl diiodotyrosine were found to 
protect these animals against the lethal action of thyroxine. This is an ex- 


ample of the biochemical antagonists which will] be further discussed in Chap- 
ter 24. 
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Chapter 24 


CHEMICAL STRUCTURE IN RELATION TO. 
BIOLOGICAL PHENOMENA q 


The great number and variety of constitutional effects produced by chem- 
ical compounds must indicate to any observer that physiological functions are 
dependent upon chemical structure. An example of a physiologically active 
substance, the chemical structure of which is exactly known, is epinephrine. It 
has a variety of effects and is known as a sympathomimetic substance; that is, 
its actions are similar to those produced by stimulation of the sympathetic nerves. 
Barger and Dale have made a study of the sympathomimetic action of com- 
pounds possessing various portions of its structure, starting from simple amines 
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and continuing with more and more complex compounds, until substances very 
closely resembling epinephrine were tested. Kthylamine (1) has no sympatho- 
mimetic properties, although some of its higher homologs have. The introduce 
tion of a phenyl group (II), however, produces an active compound, but the 
introduction of a methyl group into the NH, of II or the attathmene of an 
hydroxyl group to its a-carbon (analogous to those substitutions in epinephrine) 
does not increase the activity of this compound. An hydroxyl in the ortho 
position (IIT) had no influence on the activity of II, but an hydroxyl in either 
the meta (IV) or para (V) position increased the activity several times. Here 
again the introduction of a methyl or hydroxyl group had no appreciable ef- 
642 
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ct. Two hydroxyls, in the meta and para positions (VI), and only in those two 
sitions, enhanced the activity considerably, but these still are not as powerful 
epinephrine, even with a methyl group introduced into the amine (VII). 
owever, the attachment of a hydroxyl to the alpha carbon (VIII) produces 
compound slightly more potent than epinephrine itself. This is norepi- 
phrine. (See page 604.) It is thus-seen that the structural components 
id the manner of arrangement of these components contribute to the func- 
mal activity of this hormone. The study of this type of relationship belongs 
the realm of pharmacology and this emphasizes again how the various 
ndamental sciences overlap. 

Immunology is another sister science which is now being drawn closer to 
ochemistry. Immunologically active substances would also seem to offer ma- 
rial for a study of the relationship of chemical structure to biological fune- 
m. They induce reactions which in many instances are highly specific, in- 
cating a production of substances with peculiarly definite configurations or 
molecular rearrangement of pre-existing compounds. Antigens and anti- 
dies are conspicuous examples. Antigens are substances which stimulate the 
rmation of antibodies and possess the power of combining with their 
mologous antibodies. It was formerly thought that all were of a protein 
ture, and, indeed, every protein can act as an antibody. However, other types 
compounds are antigenic, or perhaps take part in antigenic reactions. Notable 
amples are the specific polysaccharides which have been isolated from the 
fferent types of pneumococci (Heidelberger and Avery). These have been 
chly purified and have been used in immunizing men against pneumococcal 
eumonia with a high degree of success (MacLeod). Dextrans also have been 
own to have immunological properties. Most antibodies formed are in 
e y-globulin fraction but some are f-globulins. Among the former are 
e antibodies to mumps, influenza, and most virus proteins. The diphtheria 
tibody may be a f-globulin. Probably these specific properties are due to 
finite changes in the configurations of the molecular structure of these pro- 
ins brought about in some way by the action of the antigens. However, the 
er structure of the antigens and the antibodies is unknown, and the relation- 
ip of structure to function remains to be elucidated. 

The relationship of chemical structure to biological activity has been 
ought out also in studies along several other lines. Two important topics 
uy be considered under the headings Detoxication and Biochemical An- 


gonism. 
DETOXICATION 


It was stated in Chapter 11 that the quantities of toxic products absorbed 
om the large intestine are not very great, and even these small amounts are 
toxicated. By detoxication is meant all the processes whereby noxious sub- 
ances are rendered less harmful or more easily excreted. This desirable result 
effected by mechanisms which the body ordinarily uses in its normal metabolic 
ocesses. That is, detoxication mechanisms are probably not specific in regard 

toxic substances absorbed from the bowel, nor indeed for any substances 
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simply because of their toxicity, but rather they are directed toward partiey 
lar types of substances which arise in cellular activities. Some of these sub 
stances happen to be harmful and are rendered less harmful by the chemieca 
transformations resulting from the usual activities of enzymes upon definit 
chemical groups or linkages. Hence it is not surprising to note, on the one 
hand, that these detoxication systems operate against poisonous substances 6 | 
whatever origin or however introduced. On the other hand, the operation 
some of these ‘‘detoxicating’’ systems does not necessarily imply or guaranteg 
that a nontoxic or even a less toxic substance will be produced. 


The detoxication mechanisms fall into the following categories: oxidation, 
reduction, conjugation, and hydrolysis. Of these, perhaps the most importan 
are oxidation and conjugation. Quick has presented considerable evidence to 
show that a very important factor in detoxication is the conversion of a weakl: 
acidic substance to a strongly acidic one. The kidney apparently can excrete 
stronger acids and their salts more readily than weaker ones. The processes 
mentioned generally bring about this result. 


Oxidation.—Oxidation usually occurs first and sometimes is followed by 
conjugation, Indole is an example (see page 521). It is first oxidized to 
indoxyl,.which is then conjugated with sulfuric acid. Some substances can 
be completely decomposed by oxidation. Ethyl alcohol, in moderate amounts, 
can be burned by the body to carbon dioxide and water. The fact that methyl 
alcohol. yields intermediate toxic products, formaldehyde and formie acid, ir 
the same sort of combustion, emphasizes the fact that these reactions are general 
metabolic mechanisms, which may fall short of actual detoxication. 


Aliphatic amines are completely oxidized by the body. An enzyme, an 
amine oxidase which accomplishes this, has been found to occur in brain and 
other tissues. (Pugh and Quastel.) In the case of butyl amine, a product of 
the reaction is acetoacetic acid, which is, of course, a normal metabolite. 
Blaschko and co-workers have shown that there is present in liver, intestine, 


and other tissues a similar enzyme which catalyzes the oxidative deamination 


of epinephrine and related amines. ¥ 


The reaction is as follows: A ; 
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It was pointed out on page 455 that phenyl-substituted fatty acids are 
oxidized by beta oxidation, losing two carbons at a time in the process. The 
final products are phenylacetie acid, if the chain contains an even number 0! 
carbons, and benzoic acid, for those having an odd number of carbons. Bott 
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1enylacetiec acid and benzoic acid are then er aibated with glycine to yield 
1enaceturie acid and hippuric acid, respectively. In man, however, phenylacetie 
id is conjugated with glutamine, as will be shown later. Benzene itself is slowly 
idized to phenol and other products, including muconie acid, which involves 
litting the ring. Benzene derivatives with a single side Shean usually have 
is side chain oxidized. Thus, toluene, or methylbenzene, and benzaldehyde 
e oxidized to benzoic acid. 
OH 
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all of these instances the final products are more acidic than the parent sub- 
nce, | 

When. two side chains are attached to the benzene ring, only one is oxidized. 
ympounds containing two COOH groups are oxidized with difficulty. This 
very unfortunate because the aliphatic dicarboxylic acids are injurious to the 
Iney. The simplest member of this series, oxalic acid, is a notable example 
d, as is well known, may give rise to calcium oxalate crystals in the kidney 

urinary tract. Oxalie acid is present in various foods, including rhubarb, 
inach, chard, beet leaves, cocoa, and tea. 

Reduction.—Reduction is less common and apparently less important than 
idation. We have seen that the bile pigments are reduced to urobilin and 
obilinogen in the intestinal tract. This is generally ascribed to bacterial 
tion; hence it can scarcely be termed a physiological mechanism. There are, 
wever, some reduction reactions which are accomplished metabolically. 


Pierie acid is converted to picramic acid: 
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Chloral is reduced to trichlorethyl alcohol: 


CCl,,CHO + H, — CCl;-CH,OH 
Chloral Trichlorethyl alcohol 


Quinone is reduced to hydroquinone: 
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Conjugation.— By conjugation is meant the synthetic union of one com- 
pound with some other. The most common conjugating agents are glycine. 
cysteine, glutamine, glucuronic acid, and acetic acid, with sulfuric acid as the 
best example of an inorganic agent. Methylation is also resorted to. 

GLYCINE.—The classical example of conjugation with glycine is its union 
with benzoic acid to form hippurie acid (see page 520). Many of the deriva- 
tives of benzoic acid are conjugated with glycine in this way, but the presence 
of a group ortho to the carboxyl inhibits this type of action. Conjugation with 
glycine is not limited to members of the aromatic series; many other acids are 
handled the same way, including, to some extent, niacin. The formation of the 
‘bile acid, glycocholie acid, by the union of cholic acid with glycine is probably 
another example of this normal metabolic reaction which is at hand for detox- 
ication purposes. There is created a peptide linkage, to accomplish which the 
presence of ATP is required. The type reaction is: 


Aiport OH ) 
ZO te 
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GLUTAMINE.—An interesting example of the employment of glutamine in 
conjugation reactions is the union of phenylacetie acid with this compound. 
This oecurs only in man and other primates. In other animals glycine is con- 





Jugated with it. Here again a peptide linkage is formed. ; 
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CysTEINE.—Brombenzene, chlorbenzene, and iodobenzene, when fed to 
imals, are converted into ‘‘mercapturie acids”’ by conjugation with cysteine 
d acetylation. 
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uphthalene, anthracene, benzyl chloride, and a number of other substances 
e known to be handled similarly by animals, and Stekol has shown that mer- 
pturic acid formation occurs also in man. The administration of some of these 
isons to animals results in an inhibition of growth if the protein intake is low. 
1e explanation is that the cysteine required for growth is used in the detox- 
ition process. (White and Jackson.) 

Acetic Acip.—It has just been seen that acetic acid is used, together with 
steine, in the formation of mereapturie acids. However, conjugation of 
etic acid alone with other substances having an amino group is a very common 
eurrence. One notable example is the acetylation of the sulfa drugs. This 
curs after absorption or parenteral administration, and their efficacy as 
cteriostatic agents is thereby decreased. Coenzyme A is, of course, required 
r these acetylations. 
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. would be expected, the vitamin, para-aminobenzoic acid, is handled similarly. 
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Incidentally it may be remarked that para-aminobenzoic acid (PABA) itself 
is a detoxicant. Symptoms of hydroquinone poisoning may be overcome by the oral 
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administration of the vitamin. (Martin and Ansbacher.) It also can detoxicate cer- 
tain phenylarsonates, which are trypanocides, when these are given in toxic doses. 
(Sandground.) These actions of PABA differ from the others discussed here 
since they are not metabolic reactions of the cells of the body but are brought about 
by the administration of a compound, even though this is a physiological compound. 









SutFruric Acip.—Phenol, cresol, indole, and skatole, formed by the action 
of intestinal bacteria on some of the amino acids in the large intestine, a 
transported to the liver where they are conjugated with sulfuric acid. Thes 
processes have been followed on pages 248, 512, and 521. The resultin 
‘‘ethereal sulfates’’ appear to be less toxic than their precursors, and, becausg 
they are more acidic, are more easily excreted by the kidney. I 

GLucuRonic Acip.—QGlucuronie acid is an oxidation product of glucose im 
one of the secondary paths of metabolism of glucose and glycogen. (Dziewi- 
atkowski and Lewis.) Perhaps 150-200 mg. per day is found in the urine o 
anormal man. This is combined with a number of products of normal metabo- 
lism and is inereased, sometimes to a considerable extent, after the admin- 
istration of various drugs. The linkages with glucuronic acid are of two types, 
glucosidic and ester. Alcohols and phenols are combined in glucosidie linkage 
and acids in ester linkage. For example: 
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Benzoic acid -Glucuronie acid Glucuronie acid monobenzoate 


The products of sex hormone metabolism are, in a number of instances, 
known to be excreted as glucuronides. Morphine, menthol, camphor, chloral 
hydrate, borneol, salicylic acid, acetanilide, pyramidon, creosote, vanillin, 
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ABA, and sulfapyridine are representatives of a long list of compounds 
hich are excreted in one or the other of these two forms. 

It will be noted that several of the compounds cited, for example, benzoic 
sid, phenol, PABA, and the sulfa drugs, have been shown to be handled by other 
echanisms, again indicating that the body uses more than one method of 
detoxication.”’ 


Methylation—Methylation and transmethylation have been discussed on 
age 390, and the importance of the methyl group in the formation of 
ethionine and creatine was indicated. While these are not detoxications in 
le original sense, they are syntheses, and it is known that other methylations 
secur in the body. Niacin is an important example. This is metabolized in 

















art as follows (Huff and Perlzweig) : : 
—CO—NH, —CO—NH, 
Methylation | 
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Niacin amide 


Hydrolysis.—Aspirin is a good example of hydrolytic action within the 
ody. This is acetylsalicylic acid. The acetic acid formed is either oxidized 
- used for synthesis of physiological compounds and the salicylic acid is ex- 
‘eted by the kidney, combined partly with glucuronic acid. Glucosides are in 
any cases hydrolyzed to the sugar and the aglycone, each of which is treated 
y the body according to its particular nature. 


BIOCHEMICAL ANTAGONISM 


The studies of Woods on the relationship of para-aminobenzoic acid to the 
fa drugs has opened up an entirely new field in biochemistry. This is the 
itagonism between physiologically active compounds, such as vitamins, and cer- 
in substances having structures similar to them. These substances are either 
mthesized or can be obtained from natural sources. Para-aminobenzoic acid 
d sulfanilamide together are an example of such antagonism. Their structural 


ilarity is apparent: 
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Woods found that the bacteriostatic action of the sulfonamides could be inhibited 
by para-aminobenzoie acid (PABA). The hypothesis is that PABA is essential 
for some metabolie function of the microorganisms, and that, if the sulfa drugs 
are present, they enter into the machinery of that function because of their 
similar molecular shape, but the slight difference from PABA prevents them 
from completely taking its place. That is, the two similar compounds compete 
for a place in some essential reaction, probably an enzyme system. It may be 
likened to a slug in a foolproof slot machine, which can enter the slot but 
gets caught and clogs the apparatus and ean be ejected if a genuine coin 
comes along. The hypothesis was strengthened when it was shown that PABA 
was not only a cell constituent of these microorganisms, but also was essential 
to their growth. Furthermore, the effect of the sulfonamide is proportional 
to the amount of PABA present. Thus, if 50 gammas of sulfanilamide is re- 
quired to prevent the growth of a strain of bacteria, having 0.01 gamma of 
PABA available to it, then it will require 500 gammas of sulfanilamide to 
counteract 0.1 gamma of PABA. In other words, the antagonism is ‘“‘com- 
petitive’’ over a wide range of concentration of the metabolite. 


Lampen and Jones have presented evidence that the primary point of sulfonamide in- 
hibition of the growth of certain organisms is the synthesis of pteroylglutamic acid. It will 
be remembered that p-aminobenzoic acid forms a part of this molecule. The sulfonamides, 
by reason of their chemical similarity to PABA, are presumably substituted for it but are 
inadequate substitutes. 


Based on this hypothesis a number of attempts were made to produce other: 
bacteriostatic agents by synthesizing compounds similar to other vitamins: 
which were known to be needed by bacteria. Among these was 3-pyridine- 
sulfonie acid, a ‘‘structural analogue’’ of niacin. 
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Niacin 3-Pyridinesulfonie acid 


3-Pyridinesulfonic acid proved to have bacteriostatic properties, as did thio-t 
panie acid, a close relative of pantothenic acid. (Mecllwain; Snell.) 
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In these cases, also, administration of sufficient amounts of the vitamin 1 
question nullified the effects of the sulfonic acid derivative. Other vitamins fo 
which antagonistic structural analogues have been found are pyridoxine, thi 
amine, riboflavin, ascorbic acid, biotin, and vitamin K, 
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Mcllwain also showed that an a-amino acid deficiency of microorganisms 
uld be produced by feeding a-amino sulfonie acids; that is, compounds differ- 
from the physiological a-amino acids in having —SO,H groups in place of 
OOH groups. Growth of the organisms could be restored by addition of 
amino earboxylie acids, which did not need to correspond in structure to the 
hibitor. Besides the sulfonic acids, other structural analogues of the e-amino 
rboxylie acids have been shown to be antagonistic. For example, £-2-thienyl- 
anine opposes phenylalanine. (du Vigneaud.) 
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Phenylalanine f-2-Thienylalanine 


All of these effects were on microorganisms, and it will be noted that they 
ally amount to producing vitamin (or amino acid) deficiencies in these lower 
rms. However, Woolley and associates in 1938 had shown that 3-acetyl- 
yridine, resembling niacin in chemical structure, possessed no vitamin activity 
hen included in the diets of mammals and, in fact, was poisonous to them. 


4~ —COOH aN —COCH, 
\ « 

Ny wree 

Niacin 3-Acetylpyridine 


The 3-acetylpyridine, by taking the place of niacin, in some vital enzyme 
action had ‘‘clogged’’ that reaction. Other attempts were made to produce 
‘tamin deficiencies by adding structural analogues to the diet, and, even in the 
resence of the otherwise requisite amount of the real vitamin, these attempts 
ere frequently successful. One such experiment resulted in the production 
f pantothenic acid deficiency in mice by long-continued feeding of thiopanic 
eid (pantoyltaurine), a structural analogue of the vitamin. (Snell. ) Similarly, 
hydroxy-1,4-naphthoquinone was found to be a competitor to vitamin K. It 
roduced a fatal hemorrhagic syndrome due to a reduction in the level of plasma 
rothrombin. Vitamin K, it will be remembered, stimulates the formation of 
rothrombin, and administration of it in these experiments tended to counteract 
he action of the compound mentioned, (Smith.) The action of Dicumarol 
1 producing a decline in prothrombin level may also be regarded as an an- 
agonism to vitamin K. The resemblance of their structures is apparent. 
owever, large doses of the vitamin are needed to overcome the effects of 
jicumarol, while only minute amounts are ordinarily needed to cure avita- 
inosis K. This is quite different from the quantitative relations deseribed 
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for PABA and sulfanilamide and has been termed ‘‘noncompetitive antago. 
nism. ’’ 
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OH OH II 
—CH, 
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Dicumarol : Vitamin K 


Several derivatives of pterylelutamie acid have been found to inhibit its ac- 
tion. The most active ones are those containing the 4-aminopteroylglutamyl 
moiety, and of these the most potent is aminopterin; as little as 20 y will kill 
a weanling rat in a few days. (Oleson.) Choline may be antagonized by its 
triethyl analogue, ‘‘triethylcholine.’’ 


CH, CH,CH,OH C.H; CH.CH.OH 
rs nT 
CH,;—N C.H,—N 
a hn 
CH; OH C,H, OH 
Choline ‘¢Triethyleholine’’ 


In sufficient doses the triethyl derivative produces muscular weakness and 
convulsions. Preliminary injection of choline protects against this toxic effect. 
The interpretation is that ‘‘triethylcholine”’ interferes with acetylcholine forma- 
tion because of its structural similarity. Curiously, however, the triethy] com- 
pound can actually substitute for the trimethyl in another physiological fune 
tion ; namely, lipotropie action. (Keston and Wortis. ) 

Structural analogues of the vitamins are sometimes called ‘‘antivitamins,”’ 
and the ratio of the amount of antivitamin needed to combat the effective 
amount of vitamin is the ‘‘inhibition ratio.’’ This is high in most cases. Th - 
for pyrithiamine, a thiamine antagonist, the ratio is approximately 40:1; that 
is, 40 moles of pyrithiamine are required to counteract the effect of 1 mole of 
thiamine. Pyrithiamine, which has a —CH=CH— group in the place of the 


—S— group of thiamine, causes a thiamine deficiency when fed to mice. 
(Woolley and White.) t 


CH, 
N=—C—NH, ¢—c_on,con 
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ae a 
ih 


Pyrithiamine 


Perhaps the most potent antivitamin reported is desoxypyridoxine which h 
an inhibition ratio of 2:1 in the chick. 


CHEMICAL STRUCTURE IN RELATION TO BIOLOGICAL PHENOMENA 653 


As a result of all these investigations one would expect to find that many 
ew chemotherapeutic agents would be available. That is, if these structural 
alogues interfere with the growth of microorganisms because they block essen- 
al reactions in the cell, should they not be useful as drugs? Thus far very few 
ave been found to be of value in this respect. The sulfonamides are the notable 
<ceptions. The reasons vary with the individual substances. Some of the 
thibitors are as harmful to the host as to the invader. For some the concentra- 
on required for inhibition is too great, or the essential metabolite which is to 
> inhibited is required in too large amounts, Others are excreted or destroyed 
0 rapidly. 

Sometimes the modification of the structure of a vitamin produces 
hew vitamin with the same activity, rather than an antivitamin. Such 
result occurred when oxybiotin was formed by the substitution of oxygen for 
fur in biotin. (Pilgrim.) 
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1e search for compounds which will overcome these objections continues, 
wwever, with great intensity. 


These biochemical antagonists are believed to produce their effect because 
their resemblance to some part of the enzyme system, that is, a part of the 
zyme itself, or of a coenzyme. There are also substrate analogues which com- 
te for the enzyme systems. Malonate, for example, can inhibit suecinie de- 
‘drogenase because it competes with succinate for this enzyme. 


COOH COOH 
dss, bu, 
bar, door 
boon 

Succinie acid Malonic acid 


A similar case is the decarboxylation of tyrosine by a decarboxylase. This 
considered to be a step in the production of epinephrine, which, it will be 
embered, causes a rise in blood pressure. Structural analogues of tyrosine 
of dihydroxy-t-phenylalanine specifically inhibit the enzyme and lower 
od pressure in the intact animal. (Martin, 1950.) This is an interesting 
roach to therapy in hypertension. | } | 
It must be remembered that not all structural analogues of vitamins, amino 
ds, or other physiological compounds are inhibitors of enzyme systems and 
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} 
therefore antagonists. Most of them, indeed, are inert. It is the interesting 
exceptions which have this remarkable property. One cannot predict how 
a structural analogue will behave. For example, the substitution of oxygen 
for sulfur in biotin cited above did not lead to a metabolic antagonist, although 
the similar substitution in methionine produced an effective substance, 


methoxinine. (Roblin.) 
CH,:S:CH,-CH, -CH:COOH CH,:O-CH,:CH,-CH:COOH 
NH, NH, | 
Methionine Methoxinine 
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| Chapter 25 
RECENT CLINICAL APPLICATIONS 


LIVER FUNCTION TESTS 


Many attempts have been made to devise a test which would measur 
with some degree of accuracy, the amount of normal liver tissue actively fu 
tioning. Two facts have militated against such an achievement. First, 
though the liver may be quite badly damaged, it may nevertheless perform al 
its functions, because only a comparatively small proportion of healthy live 
tissue is needed for all normal activities. That is, the liver has a large "tat 
of safety.’’ Second, the functions of the liver are many and diverse in nature. 
Liver is concerned in protein, carbohydrate, and fat metabolism, in the produe- 
tion of the plasma proteins and heparin, in the secretion of bile, in storage, 
‘‘detoxication’’ and exeretion, and in a number of other activities. It often 
happens that a defect in performing one function is not paralleled by a diminu-— 
tion in others, and the function tested may happen to be one that is not af 
fected. 

Nevertheless, if one knows their limitations, certain of these tests have 
clinical value. Some of the procedures will be outlined, giving their biochemical 
background when possible. 

Icteric. Index and Van den Bergh Tests.—These have been described on 
page 597. They furnish information regarding the concentration of bile 
pigment in blood serum. The modifications of the Van den Bergh test also 
indicate whether the pigment is in a combined or uncombined state. These 
tests, together with the determination of urobilinogen and bilirubin in the urine, 
aid in the differential diagnosis of obstructive and nonobstructive jaundice. 

Tests of Carbohydrate Function.—These tests are based on the ability of 
the liver to utilize sugars. Since glucose is very easily handled, other mono- 
saccharides, which are less easily converted into glycogen by the liver, are used. 
Thus fructose or galactose, when administered in comparatively large amount, 
puts a strain upon the liver. If the former is used, the blood sugar is follow ¢ 2 
as in a glucose tolerance test. With galactose, the excretion in the urine is 
determined. Normally 3 Gm. or less are eliminated in five hours following 
the administration of 40 Gm. of galactose. If there is liver damage, from 4 to 
5 Gm. or more are excreted, 
























Hippuric Acid Test.—This procedure has been described on page 520. It 
tests the ability of the liver to conjugate certain compounds, such as benzoie 
acid, with glycine. 

Dye Secretion Tests.—There are several methods in which is employed 
a nontoxic dye that is excreted practically exclusively by the liver. The» 
amount excreted, and hence the functional capacity of the liver to elimina 
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it, may be found by determining the amount still circulating in the blood after 
a definite length of time. Bromsulfalein is the dye most generally employed. 
It is injected intravenously, and one or two samples of blood are taken at 
specified times and the serum analyzed colorimetrically. The presence of 
more than 50 per cent of the dye after five minutes, or any dye at all after 
forty-five minutes, is evidence of hepatic insufficiency. 

Cephalin-Cholesterol Flocculation Test.—In 1939 Hanger showed that 
emulsions of mixtures of cephalin and cholesterol are not floceulated by normal 
serum or by serum from patients having obstructive jaundice. They are floccu- 
lated by sera from patients having active disturbances of the nepatie paren- 
chyma. It is therefore looked upon as an index of parenchymatous function 
only. The test is said to depend upon the capacity of gamma globulin in serum 
to unite with the colloidal constituents of the emulsion, to produce floccula- 
tion. Normally the serum albumin inhibits this action of gamma globulin, but 
in cases of parenchymal liver disease, the serum albumin has a decreased 
power to inhibit the globulin. (Moore.) 

Alkaline Phosphatase.—Alkaline phosphatase is exereted normally in large 
amounts into the bile, and hence this is assumed to be a function of the liver, 
and the concentration of alkaline phosphatase in blood, an index of this function. 
However, it should be remembered that this enzyme is concerned in bone 
metabolism and fluctuations in its level in the blood occur in bone diseases. 
Therefore it is not surprising to note that observers have insisted that the 
alkaline phosphatase should not be considered alone but always in conjunction 
with at least one other functional test. Thus, a high cephalin- cholesterol floc- 
eulation with a low phosphatase may indicate hepatitis with no duct obstruction, 
whereas a high phosphatase with a low cephalin-cholesterol flocculation is likely 
to mean an obstruction without hepatitis. 

Composite Test.—A number of other tests have been described, and some 
of them are based on considerations similar to those just described. Among them 
are a colloidal gold test, prothrombin determination, blood protein determina- 
tion, ete. McGavack and his co-workers recommend a group of procedures, 
namely, the icteric index, Van den Bergh reaction, cephalin-cholesterol floccula- 
tion, alkaline phosphatase, total cholesterol and cholesterol] esters, total plasma 
proteins, and the albumin:globulin ratio. The advantages of this ‘‘composite 
test’? are: (1) all the tests can be done on a single specimen of blood serum ; 
(2) the renal factor is ruled out; and (3) a number of liver functions are 
evaluated simultaneously. As a consequence, it is stated that fairly character- 
istic pictures are obtained in several hepatic conditions. 


KIDNEY FUNCTION TESTS 


The body has a considerable factor of safety in renal, as well as hepatic, 
issue. One normal kidney can do the work of two, and, if all other organs are 
unctioning properly, less than a whole kidney may suffice. On the other hand, 
here are extrarenal factors which interfere with kidney function, particularly 
irculatory disturbances. It is therefore very important to have methods which 
ppraise the functional capacity of the kidneys. Such tests have been devised 
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but, as in the case of liver function tests, no single test can measure all the kid- 


ney functions, although the kidney is not as versatile an organ as the liver. Con- 
sequently more than one test is usually indicated. It must also be remembered 
that these procedures throw light upon the functional capacity of the kidney as 
related to the general physiology of the patient and not upon the extent of any 
lesion or pathological process. Many renal function tests have been proposed 
and are being used, but only a few can be given space here. 

Some of the procedures used have been discussed in other chapters. A study 
of the nitrogen retention has been considered in Chapter 22. It will be remem- 
bered that a stepwise increase in three nitrogenous constituents of blood is be- 
lieved by some to parallel a deteriorating kidney function. Uric acid usually 
rises first, later urea, and finally creatinine. By determining all three, an esti- 
mate of kidney function may be made. It must be remembered, of course, that 
gout and certain other conditions result in a high uric acid also. Glucose, or, 
at any rate, a substance reacting like glucose, is often increased in the blood 
in nephritis and there may be other changes as well. 

The concentration and dilution tests for renal function have been briefly 
described on page 507. There are a number of variations but all are based 
on the principle that the normally functioning kidney is capable of secreting a 
dilute urine if a large volume of fluid has been ingested and a concentrated urine 
if the individual has been deprived of fluid. 

Phenolsulfonephthalein Test.—Phenolsulfonephthalein is a harmless dye 
which, after parenteral administration, is eliminated only by the kidneys. It 
is easily detected and estimated by colorimetric methods. Under standard con- 
ditions it appears in the urine normally in about ten minutes, and, within the 
first hour thereafter, from 40 to 50 per cent are eliminated; in two hours, a total 
of from 60 to 70 per cent. In renal insufficiency the amount secreted in two 
hours is much reduced, sometimes to even a trace. In very early nephritis an 
excessively high elimination may be found, owing to irritation or to a com- 
pensatory hyperactivity of undamaged kidney tissue. In such eases other tests 
must be used to aid in diagnosis. The phenolsulfonephthalein test is widely 
used, because it is easy to perform, and has given very valuable information im 
many instances. 

Blood Urea Clearance Test.—The concentration of urea in the blood rises 
in nephritis and in other conditions of deficient kidney function. However, as 
has been mentioned previously, this is subject to great fluctuations and is not, 
by itself, a good index of the ability of the kidney to excrete nitrogenous waste. 
Ambard was the first to study the concentration of urea in the blood and relate 
it to the rate of excretion in the urine, and ‘‘ Ambard’s coefficient’’ was for & 
while the subject of much clinical study. At present the blood or, better, the 
patie urea clearance test of Van Slyke and his colleagues is widely used. 
By plasma urea clearance’’ ig meant the rate at which plasma is cleared of 
urine while passing through the kidneys. As a matter of fact, the plasma is not 
completely cleared of urea. Only about 10 per cent of the urea is removed. 


1 ‘np PEC 
Consequently, if 750 ml. of plasma pass through the kidney per minute, and — 


10 per cent of its urea is removed, it is equivalent to completely clearing 78 
ml. of plasma per minute. 
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The data required are the plasma urea concentration, the urine urea con- 
centration, and the rate of urinary flow. When the volume of urine secreted 
is large, the rate of urea excretion is directly proportional to the concentration 
of urea in the blood. When this volume is small, this simple relationship does 


not hold. Therefore, two different formulas are required for calculating the 
urea clearance. 


A. Maximum clearance (Cm), when 2 ml. or more urine is secreted per min- 
ute: 


Cn UB xe ¥ 


B. Standard clearance (Cs), when the urinary secretion amounts to less than 
2 ml. per minute: 


Ca .U/B xv Vv 


Where U = mg. urea N per 100 ml. of urine 
B = mg. urea N per 100 ml. of plasma 
V = urine volume in ml. per minute 


The technique of a typical test, with illustrative figures, is as follows: 


7:00 A.M. Patient receives a light breakfast; later, one glass of water 
9:00 a.m. Bladder emptied and urine discarded 

9:50 a.M. Sample of blood taken 

10:00 a.m. Bladder emptied and urine saved 

11:00 a.M. Bladder emptied and urine saved 


(Exact one-hour specimens are not necessary, but the exact periods to which 
they correspond must be known.) 


Plasma urea N: 15 mg. per 100 ml. 

First urine specimen: 48 ml., 770 mg. urea N per 100 ml. 
Second urine specimen: 52 ml., 730 mg. urea N per 100 ml. 
Average 50 ml, 750 mg. urea N per 100 ml. 


Since the volume of urine is 50 ml. per hour or 0.83 ml. per minute, the standard formula 
is used: 


Cs = 750/15 x V 0.83 = 45.5 ml. of plasma cleared of urea per minute 


The average normal Cs = 54 ml. of plasma cleared per minute. Therefore this case showed 
45.5/54 or 84 per cent of normal. A figure of 75 per cent or more of ‘‘normal’’ is considered 
normal. In maximum clearances, the average normal is 75 ml. of plasma cleared per minute. 


The ‘‘Urea Ratio.’’—In 1917 Mosenthal and Hiller suggested the ratio of 
urea nitrogen to the nonprotein nitrogen of the blood as an index of effectively 
functioning renal tissue, irrespective of the level of the blood urea. More re- 
cently Mosenthal and Bruger have carried out a long series of determinations 
and have shown that this ratio parallels rather closely the figures for blood urea 
clearance. The ‘‘urea ratio’’ is 100 x urea nitrogen/nonprotein nitrogen. With 
normal renal function the urea ratio is 44 or less; with a maximal impairment, 
80 or higher; with improvement the ratio falls, and with progressive impairment 
it rises. In eclampsia the index is definitely lower. 

The advantages of this method are that it requires but one sample of blood, 
does not demand prolonged observation of the patient or collection of urine, and 

urnishes a numerical index of the degree of impairment of renal function. 
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Inulin and Diodrast Clearance Tests.—Inulin and diodrast have been used 
in clearance tests because they are selectively secreted. Inulin is removed from 
the blood only by the glomeruli, while diodrast is excreted almost entirely by 
the tubules. Inulin, it will be remembered, is the polysaccharide yielding fruc- 
tose on hydrolysis. Diodrast is a complex organic iodine compound (3,5,-diiodo- 


— 


* 


ee 


4-pyridine-N-acetic acid diethanolamine). It is opaque to roentgen rays and is — 
used for roentgenological examination of the urinary tract. By determining © 


the amount excreted and the plasma content under standard conditions, either 
the inulin or the diodrast clearance can be determined, and thus the functional 
activity of the glomeruli or tubules may be estimated. By doing simultaneous 
diodrast and inulin clearance tests, Smith maintains that the active mass of 
renal tissue, the ‘‘tubular excretory mass,’’ can be ascertained. 


a 


Pancreatic Function Test.—The fact that secretin stimulates the flow of — 


pancreatic juice has been made use of in a test of external pancreatic function. — 


(Agren.) The preparations now available are free from histamine, cholecysto- 


kinin, and many other contaminants but are really mixtures of secretin and 
panereozymin. A double lumen tube, with sections of unequal length, is passed so 


that the longer end reaches the third portion of the duodenum and the shorter 


end remains in the stomach. Continuous aspiration with a negative pressure 
of 20-30 mm. of mercury prevents the overflow of gastric juice into the duo- 
denum and sucks out both gastrie juice and duodenal contents into separate 
containers. After a basal flow has been obtained, the secretin is injected in- 


travenously and one measures volume of flow and bicarbonate concentration. — 


Sometimes the enzymes are also determined. 
Shortly after the injection there occurs an outpouring of pancreatie juice. 


The duodenal fluid, therefore, loses its biliary color under normal conditions, 


but if this bile color remains, a nonfunctioning gall bladder is indicated. The 
total volume varies normally from 135 to 250 ml. in one hour, and the bi- 
carbonate, from 90 to 130 meq. 

The test is of value in detecting disease of the pancreas when all other 
tests have failed. In pancreatitis with extensive destruction of parenchymal 
structures, there is usually a diminution in the volume and bicarbonate output. 
In less severe pancreatitis about half the cases show these effects. (Dorn- 
berger.) The influence upon the enzymes has not been constant enough to 
justify their determination. In pancreatic malignancy there is a lowering of 
ee og response with less change in the biearbonate. (Dreiling and Hol- 
ander. 


BLOOD PRESSURE 


Goldblatt demonstrated some time ago that mechanical interference with the 
blood flow through the renal arteries of a dog resulted in the development of a 
permanent hypertension. Apparently, slowing the circulation causes some sub- 
Stance, which produces vasoconstriction, to be formed. Such a substance has 
been demonstrated in the blood coming from such ‘‘ischemie’’ kidneys. The 
mechanism seems to be the following: An enzyme, ‘‘renin,’’ is formed in the 
kidney and is released into the blood. It is a proteinase and acts upon an 
Qs globulin, present in the systemic blood. A product of its activity is a poly- 
peptide, ‘‘angiotonin,’’ which has a molecular weight of about 2,700 and is 
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thermostable and dialyzable. Angiotonin constricts arterioles and increases 
the force of the heartbeat, resulting in increased arterial pressure. (Page and 
Helmer.) Another proteolytic enzyme, a peptidase, is produced by the kidney. 
rhis destroys angiotonin and is thus an antipressor factor. Various investigators 
have designated these factors by different names. Thus, the a. globulin has been 
salled ‘‘renin activator,’’ ‘‘hypertensinogen,’’ and ‘‘renin substrate’’; the 
polypeptide, angiotonin, has been termed ‘‘hypertensin’’; and the inactivating 
peptidase, ‘‘angiotonase,’’ ‘‘angiotoninase,’’ and ‘‘hypertensinase.’’ It must 
be said that, thus far, renin has not been found in excess in patients with 
shronic renal hypertension. According to Shorr, the ischemic kidney also 
forms, in its cortical portion, vasoexcitor material (VEM). This may act as 
1 neutralizing agent for VDM, the hepatic vasodepressor material, which has 
been shown to be identical with ferritin. (See also page 481.) 

Substances which lower blood pressure have also been obtained from kid- 
ney extracts. They have not been isolated in pure form but give promise of 
therapeutic usefulness in cases of hypertension. (Jablons.) 

It has long been known that after blood coagulates it possesses vasocon- 
strictor properties. In 1948 the active agent was isolated and erystallized by 
Page and his group and ealled ‘‘serotonin.’’ It was analyzed and found to be 
2 complex of creatinine, sulfuric acid, and 5-hydroxytryptamine. Since the 
pharmacologic properties reside in the 5-hydroxytryptamine, which is sepa- 
rable from the complex, the name ‘‘serotonin’’ has been assigned to it. 
(Rapport.) It has also been synthesized. (Hamlin and Fischer; Speeter.) 
Serotonin causes other types of smooth muscle to contract and may prove to 
be an important physiological agent. Antimetabolites of serotonin have been 
produced. (Woolley and Shaw.) 
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DENTAL CARIES 


Dental caries is one of the most widespread of human diseases, and a tre- 
endous amount of investigation has been instituted to determine the cause and 
ffect a cure. The results up to the present time have been rather conflicting. 
n caries the enamel and other hard structures are dissolved by chemical action 
nd washed away, thus producing a cavity. The formation of cavities in the 
eth is not only a source of pain and discomfort, necessitating dental attention, 
ut it is likely to lead to interference with mastication, and hence with proper 
utrition. Furthermore, infectious processes occurring in the cavities may 
esult in the absorption of toxins or lead to secondary infections in other parts 


f the body. 
In general, 
ries. There are some who believe that loca 


there are two schools of thought relating to the initiation of 
1 factors are entirely or, at any 
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rate, chiefly responsible. Food particles lodging between the teeth, or in recesses 
in the surface of teeth, become breeding spots for bacteria. If they are not 
removed promptly, enough acid is produced to dissolve the mineral con- 
stituents of the enamel and dentin. Foods, such as soft cereals, candies, 


and pastries, are most easily fermented and consequently are most likely 


to lead to the formation of cavities. (See page 139.) Although saliva has no 
bactericidal power, the character of the saliva is believed to play a role. The 
more mucin it contains, the less effective it is in cleaning the teeth. The ad- 
herents of this ‘‘chemico-parasitic’’ theory advocate oral hygiene and prophy- 
laxis as a deterrent to caries. The possibility of a proteolytic factor has at- 
tracted considerable attention. According to this view, caries is a proteolytic 
process, or perhaps the proteolytic and glycolytic processes go on side by side. 
(Gottlieb.) It is assumed that bacteria, possessing proteolytic enzymes, multiply 
at the surface of the teeth and cause a disintegration of the lamellae, the flat- 
tened bands of organic protein-containing matter extending through the enamel. 
This permits the easy entrance of the fermenting organisms with their produc- 
tion of acid, and consequent solution of the inorganic portion of the enamel. 

The other view is that although caries is a local action and always begins 
at the exterior of the tooth, the structure of the tooth determines whether or not 
decay will occur. An excellent nutritive condition of the individual is re- 
sponsible for perfection of the structure, and since the formation of teeth begins 
in fetal life, the food of the mother is just as important as that of the child. 
The vitamins A, C, and D, and the elements calcium and phosphorus, with traces 
of fluorine, are all considered essential for the building of healthy teeth. 

The influence of fluoride, which has been discussed on page 483, must 
be emphasized. When fluoride is ingested over a long period of time and 
in considerable quantities, a condition known as ‘‘mottled enamel’’ occurs. 
This enamel is not only discolored, but also brittle. Caries can and does 
occur in such teeth. However, if the amount of fluoride is less, i.e., not sufficient 
to cause mottling, the enamel seems to be more resistant than normal and the 
development of dental caries is less likely to oceur. It should be noted that 
fluoride is only effective if it is present during the period of tooth de- 
velopment. There are several explanations for the possible inhibiting action 
of fluoride on caries. One is that fluorine is an essential, or at any rate a highly 
desirable, component of enamel; that is, that fluorine reacts with the tooth sub- 
stance to form a less soluble complex, a compound less susceptible to the solvent 


action of acids. Support of this hypothesis has recently been offered. Using 


isotope exchange and ion competition techniques, it was found that fluoride 


' 
-{ 
; 
i 
' 

; 


can replace hydroxyl or bicarbonate ions on the surface of bone, forming a— 


very insoluble and resistant ‘‘fluoroapatite.’’ Tt is suggested that the same 
phenomenon occurs in the mouth. (Neuman.) <A second hypothesis is that 
the fluorine acts as an enzyme inhibitor, thus interrupting the chain of fer- 
mentative reactions and preventing the formation of the organic acids in close 
proximity to the enamel. The use of fluoride in the water supplies of com- 
munities is being tested as a possible method of preventing dental caries. In 
this connection it is interesting to note that the hardness of drinking water 
may also play a part. Mills states that there is a lower incidence of carious 
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lesions in regions where the drinking water is hard than in those in which it 
is soft, and this has been substantiated. Whether this is a nutritional effect 
of the additional calcium or magnesium present, or a local effect, is not ap- 
parent. 

BIOCHEMISTRY OF INFLAMMATION 


Menken has presented evidence that the various stages of inflammations are 
referable to chemical entities, all of them of protein nature. An inflammation 
is a manifestation of severe cellular injury. As a result it is assumed that there 
is produced a substance which causes increased eapillary permeability. This 
is a polypeptide, to which there may be attached a prosthetic group. It has been 
ealled leucotaxine and has been found in exudative material. It is quite a dif- 
ferent substance from hyaluronidase, and, of course, from histamine, acetyl- 
choline, or adenine derivatives. 

Leucocytosis is caused by another factor, which also has been isolated from 
exudates. This substance is a protein, probably a part of the pseudoglobulin 
fraction. The leucocytosis-promoting factor, or LPF, induces a discharge into 
the circulation of immature granulocytes. 

Since inflammation is always accompanied by a certain amount of break- 
down of tissues, it is not surprising to find that a proteolytic enzyme is involved. 
This seems to be liberated from cells which have been initially injured by an 
irritant and has been termed ‘‘necrosin.’’ This is a toxic euglobulin and can 
also be found in exudates. When injected into the skin it causes swelling, 
redness, necrosis, lymphatic blockade, injury to the blood vessel walls, and 
swelling of collagenous bundles. 

A pyrogenic substance, called ‘‘pyrexin,’’ can also be obtained from ex- 
udates. This is thermostable and may possibly be a glycopeptide. It can raise 
the temperature of an experimental animal into which it has been injected by 
2 or 3° F. Closely associated with pyrexin is a leucopenic factor, probably a 
polypeptide. The occurrence of such a substance may serve to explain the leuco- 
penia attending certain inflammatory conditions; for example, influenza and 
typhoid fever. Of course this has an action antagonistic to the LPF. Finally, 
there is thought to be liberated from the injured cell one or more growth- 
promoting substances responsible for eventual repair. 


THE BIOCHEMISTRY OF TUMORS 


Tumor growth, that is, the ‘‘wild’’ growth of cells, has a number of bio- 
chemical aspects. It is possible that it is caused by some toxic substance arising 
in normal metabolism which is ordinarily detoxicated or completely eliminated. 
It is also possible that unusual conditions of life modify the normal biochemical 
processes, so that a cancer-producing, or carcinogenic, substance is formed. 
A further possibility is a change in the normal enzyme reactions, resulting in 
a distorted distribution of energy, and consequently of growth. Thus marked 
trends in cancer investigations have been the search for chemical etiological 
factors, and different patterns of enzyme systems. But biochemistry may also 
be involved in diagnosis because sometimes the growth of a tumor markedly 
changes the normal chemistry of the body. The following discussion will 
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serve to illustrate some applications of biochemical studies to this complex 
field of pathology. 

In 1775, Pott drew attention to the fact that chimney sweeps frequently 
had cancer of the scrotum, a result of the contact of the abraided skin with 
chimney soot. This was later correlated with the coal tar, which was definitely 
established as a substance capable of causing cancer in man. In the early part 
of the present century it was shown that frequent application of gasworks tar 
to the rabbit’s ear produced cancer. Following this, Cook and his co-workers in- 
vestigated the effects of many organic compounds, some of which were present 
in tar but many of which were not found in nature or industrial products. 
Soon other laboratories joined in the search, and now many definite chemical 
compounds are known which have carcinogenic properties. At present no defi- 
nite relationship can be shown between chemical constitution and cancer-produc- 
ing properties. The only active compound which has been isolated from coal tar 
is benzpyrene. One of the most powerful carcinogens thus far discovered is 
methyl cholanthrene. This is particularly interesting from a biochemical stand- 
point, because it has been synthesized by Fieser, using cholic acid as a starting 
point. Cholie acid, it will be remembered, is a bile acid, as well as a part of the 
molecule of the other bile acids. The relationship of this to cholesterol, and to 
one of the sex hormones, is shown in the series of formulas below: 
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The three most powerful carcinogenic substances thus far discovered are methy] 
hholanthrene, cholanthrene, and 1,2-benzpyrene. 
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ome very instructive studies have been carried out with 1,2,5,6, dibenzpyrene, 
vhich is also carcinogenic. Definite amounts of this, incorporated in cholesterol 
ellets, were inserted under the skin of experimental animals. After tumors 
ad appeared, the pellets were removed, and upon analysis, minute amounts of 
he causative agent were found in the tumors, but after transplanting them re- 
eatedly, they were found to be still cancerous in the fifth or sixth generation, 
it which point the tissue contained none of the originally used substance. In 
ther words, although these toxic substances initiate tumor growth, the cells 
hemselves are cancerous and continue this unrestrained habit of growth inde- 
endently. 


It has also been found that some of the carcinogenic compounds are estro- 
enic when suitably tested. On the other hand, in mice and guinea pigs the 
strogenic hormones may produce cancer. The latter effect does not hold for 
Il species. It apparently does not occur in human beings, since thousands of 
arenteral injections of estrogens are made daily and no increase in cancer in- 
idence has been reported. However, one interesting development in the study 
f prostatic tumors relates to another sex hormone. The normal development 

the prostate gland apparently depends upon hormones elaborated by the 
stes. The prostate regresses and atrophy of the epithelium occurs when castra- 
on is performed. In animals under such circumstances, administration of the 

le hormone causes regeneration of the prostate. These facts led to the idea 

treating prostatic tumors by deprivation of male hormones. This has been 
ted by two methods, the surgical removal of the testes, or the administration 

estrogens, since, in a very general way, estrogens and androgens are an- 

onistic. The results have been favorable in a number of instances, and again 
e have some evidence of the biochemical nature of the factors involved in tumor 
usation and possible tumor control. 

Species differences also hold for some of the carcinogenic compounds already 

cussed. None of the synthetic compounds seem to affect primates, and rab- 
ts are almost immune. It is possible that some mechanism for detoxicating 
em is operative. In the rabbit, dibenzanthracene is hydroxylated and ex- 
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ereted in the urine. When this dihydroxy compound is administered to a mouse, 
which is susceptible to dibenzanthracene, no tumor results. If mice could 
hydroxylate the compound, they also, presumably, would be immune to its effects. 


That vitamins and enzymes may be concerned in protection against car- 
cinogenic compounds has come out of the studies of Rhoads, du Vigneaud, and 
others. A dye, para-dimethylaminoazobenzene or ‘‘butter yellow,’’ will pro- 
duce cancer of the liver in rats on a deficient diet. Supplements of yeast and 
easein to such diets have a pronounced protective action. This led to a search 
for one of the B complex vitamins as one of the effective anticarcinogenic agents, 
the other being presumably, a peptide. Riboflavin was found to be quite potent, 
especially in combination with casein. Another possibility was biotin, but it 
appears that biotin has just the opposite action. That is, when biotin is added 
to a highly protective diet, butter yellow is more potent than without it. Biotin 
is ‘‘procareinogenie.’”’ 

The Chemistry of Tumor Tissue.—Greenstein makes the following gen- 
eralizations regarding the chemical pattern of normal tissues and of trans- 
planted tumor tissues. 

‘‘(a) Each normal tissue is characterized by the possession of an indi- 
vidual pattern of enzymic activity which may serve to distinguish it from all 
other tissues.’’ 

‘“(b) Tumors have qualitatively the same enzymes as normal tissues.”’ 

‘‘(e) The enzymatic pattern of a tumor is largely independent of its age, 
of its growth rate, and of the strain of animal in which it is grown.’’ 

‘‘(d) The range of activity of each enzyme and of concentration of such 
components as the vitamins is much narrower among tumors than among normal 
tissues, 7.e., tumors possess a more uniform and less diverse chemical pattern 
than normal tissues.’’ 

‘‘(e) When a normal tissue becomes neoplastic many of the specific fune- 
tional activities markedly decrease or are lost altogether.’’ 

‘“(f) The range of values for the tumors is usually between the extremes 
of the corresponding values for normal tissues. . .. It cannot be said, therefore, 
that ‘tumors are lower (or higher) in activity than normal tissues,’ but only that 
their activity is lower (or higher) in respect to certain specified normal tissues. 
Tumors do not stand outside the metabolic range of normal tissues. ’’ 

Thus mouse and rat tumors have a relatively elevated content of dehydro- 
peptidase I, benzoylarginineamidase, and xanthine dehydrogenase, and a dimin- 
ished activity of catalase, cytochrome oxidase, alkaline phosphatase, esterase, 
eystine desulfurase, and dehydropeptidase IT. 

It should be emphasized, however, that, as yet, no biochemical representa- 
tion of the essential nature of cancer tissue has been defined. In addition, 
there is evidence of considerable biochemical and biological variation between 
individual cancer tissues of the same sites of origin. 

Industrial Factors in Human Carcinogenesis.—There has been a consider- 
able rise in the number and variety of occupational cancers. (Heuper.) This 
parallels the enormous modern industrial expansion. Many of the agents and 
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hysical factors causing them are known, but it is safe to assume that many 
lore are still unknown, particularly those carcinogens of low potency. <A 
artial list of ‘‘environmental carcinogens’’ and their sites of action in man 
ollows: anthracene (crude), arsenic, burns (thermic), mineral oil (crude), 
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Systemic effects of malignant tumors. (From Black, M.M., and Speer, F.D.: Am. 


ee °?- J. Clin. Path. 20: 446, 1950.) 





braffin oil (crude), pitch, radioactive substances, roentgen rays, soot, spindle 
l, tar, ultraviolet light—all acting on the skin and appendages; chromates 
Ld radioactive substances, affecting the respiratory system ; naphthylamine 
beta) and schisteoma, affecting the urinary system; benzol, acting on the 
ticuloendothelial system ; radioactive substances and roentgen rays, also act- 
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ing on the reticuloendothelial system and on mesenchymal tissue; and arsenic, 
crude mineral oil, pitch, and ultraviolet light, affecting the eye and surround- 
ing tissues. 

Systemic Changes in the Cancer Host. __A wide variety of systemic altera- 
tions occur in the host, coincidentally with malignant neoplasia. Some of thes 
ae are depicted in Fig. 91. While these changes are not specific for can- 

‘they do provide evidence of the complexity of the systemic alterations 
inv teed and indicate the need for a more adequate study of cancer as a 
systemic disease. 


ACID PHOSPHATASE AND THE PROSTATE GLAND 


In 1935, Kutscher and Wolbergs, while studying the source of acid phos: 
phatase in the urine of men, discovered that normal adult prostate tissue is rich” 
in this enzyme. Fig. 92 shows serial sections of prostate gland, in one of which 
the alkaline phosphatase distribution is demonstrated, and in the other the acid 
phosphatase. The former is the normal phosphatase of bone and has an optimum ; 
pH of 9-9.5, while acid phosphatase acts best at pH 4.8. The high content of 
acid phosphatase in this tissue is quite apparent from this figure. The enzyme 
is characteristic of adult, but not immature, prostatic tissue, and it is found 
in large amounts in the urine of men. The daily output for a given man is 
fairly constant, but after the age of 50 years the amount excreted diminishes. 
Women and children excrete very little. The acid phosphatase content of the 
urine may therefore be considered an index of prostatic secretion, and hence a ~ 
criterion of the functional state of the prostatic epithelium. ; 

Primary tumors of the prostate are also rich in acid phosphatase, and the 
same is true of metastatic lesions of prostatic cancer occurring in bone. When 
such lesions are present, greatly increased concentrations of this enzyme in 
serum may occur, but this is not always the case. In other words, a high acid 
phosphatase of serum is indicative of metastases of prostatic cancer, but a 
low content is not necessarily a negative sign. 

The treatment of prostatic tumors mentioned previously, i.e., castration or 
administration of estrogens, besides having favorable clinical effects, usually re- 
sults in a prompt fall in the level of serum phosphatase. The administration of 
androgens, on the other hand, raises the acid phosphatase of the serum and 
results in untoward symptoms. 


PENICILLIN AND OTHER ANTIBIOTICS 


In 1929 Alexander Fleming, Professor of Bacteriology at the University — 
of London, noticed that staphylococcus colonies became transparent if they 
were in the immediate vicinity of a contaminating mold. It appeared that the 
Staphylococci had undergone lysis, and he believed that this was due to some 
water-soluble substance produced by the mold. Since the mold was a penicil- 
lium, he named the unknown but effective substance ‘‘penicillin.’? He studied 
the properties of the substance, found that it was nontoxie to animals, even in 
enormous dosage, and suggested that it might be employed in human therapy 
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Fig. 92.—The distribution of alkaline and acid phosphatase in the adult human pros- 
e. Serial sections stained for (A) alkaline phosphatase and (B) acid phosphatase. 

A, Alkaline phosphatase. Only capillaries are positive; the glandular epithelium is 
ative. For this demonstration the section was incubated in a solution containing the sub- 
ate, sodium glycerophosphate, and calcium nitrate at pH 9.0. Alkaline phosphatase liber- 
d phosphate ions which reacted with the calcium to give precipitated calcium phosphate 
the site of the enzyme. The section was then exposed to a dilute solution of cobaltous 
rate, yielding cobalt phosphate, which is subsequently transformed into black cobalt sulfide 
means of ammonium sulfide. The intensely dark spots, therefore, indicate the site of alka- 


phosphatase. 

B, Acid phosphatase. The glandular epithelium is intensely positive ; the capillaries are 
ative. The procedure is very similar to that used in A except that the incubating mixture 
tains lead instead of calcium and is buffered at pH 5.0. The resulting precipitate of lead 
sphate is finally converted to black lead sulfide. (Courtesy Dr. George Gomori; see 
ori, G.: Proc. Soc. Exper. Biol. & Med. 42: 23, 1939; Arch. Path. 32: 189, 1941.) 
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as a bacteriostatic agent in areas infected with organisms sensitive to this agent. 
Fleming’s observations received little attention until 1940, when they were re- 
examined by a group of investigators at Oxford, headed by Florey. They con- 
firmed Fleming’s work and extended it materially. 

Penicillin has a very low toxicity to man and other mammals and can there- 
fore be used therapeutically. It is very effective in vitro against most of the 
gram-positive coeci and bacilli and the gram-negative diplococci but is not bae- 
teriostatic toward the gram-negative bacteria, the tubercle bacillus, malarial or- 
ganisms, Friedlinder’s bacillus, and many others. Thus it is found to be a 
very powerful agent against streptococci, staphylococci, pneumococci, gonococci, 
meningococci, the clostridium group, spirochetes, and actinomycetes. Its ac- 
tivity against most of these organisms is at least one thousand times greater than 
that of the sulfonamides. Its action in vivo closely parallels its activity in vitro. 
A heavy initial dose is advised to prevent the development of resisting strains 
of the offending organism. This principle is applicable to antibiotics in general. 
An antibiotic is defined as a substance which is produced by a microorganism 
and is harmful to other microorganisms. 

Penicillin is a complex monobasic organic acid, the structure of which has 
been studied by a large group of British and American scientists working in 
university and commercial laboratories. The probable structural formula is” 
given below. There appear to be at least five forms of penicillin, each of which — 
differs from the others in the group R. 


S 4 


we- 


Whe a: 
R-CO-NH:CH——CH_  (CH,), 


| 
CO——N——CH .COOH 


Penicillin 


These penicillins are produced simultaneously by the mold and have been desig- 
nated by different letters in America and by Roman numerals in Britain. They 
are summarized in Table LI. The mold is capable of producing penicillins 
having different R groups if an appropriate precursor is added to the culture — 
medium. About fifty active compounds have been formed in this manner. ? 
Of these, G penicillin is the most important. G penicillin has been synthe- 
sized—still another triumph accomplished by the brilliant teamwork of 
American and British chemists (du Vigneaud). The free or acid penicillins 
are unstable, particularly in. aqueous or alcoholic solution, The sodium 
and ealeium salts, which have been studied more generally, are more stable in 
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NAME 












ae. R NAME OF R 
F Penicillin (Penicillin T) CH,:-CH,-CH=CH-CH,— A?-Pentenyl 
Dihydro F Penicillin CH,-CH,:CH,-CH,:CH,— n-Amyl . 
G Penicillin (Penicillin IT) C,H,:*CH,— ; need 7 
X Penicillin (Penicillin IIT) C,H,OH-CH,— a: Hydroxpbel 7 
K 


Penicillin CH, ‘CH, CH, CH, -CH,-CH,:CH,— n-Heptyl 7 
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lution. They are crystalline compounds. The sodium salt is a light orange- 
own, hygroscopic powder having a slight odor. It is quite soluble in water 
id alcoho] but is inactivated by the latter. The calcium salt is less hygro- 
opie and for that reason is the form in which penicillin is employed when 
epared in tablet form for oral administration and in a beeswax-peanut oil 
se for slow absorption. In the dry state it is stable to light, but not to heat, 
id may be kept for months without losing its potency. When dissolved in 
ater it tends to lose its activity but at low temperatures keeps well for several 
is. Two new types of penicillin have been developed which have the ad- 
ntage of long-continued action. Thus one injection of procaine penicillin G 
i] have an effect over several days, and dibenzylethylenediamine dipenicillin 
will act for several weeks. 
OH 
NH on NH 
»—-G—NH-CH — GH-NH-G—NH, 
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Booty a pn ou a ih atoa: feoeonein: LIDS Me ‘ si ie & e ptomye ir A : é Di H¢ OSM = 
ydrohydroxystreptomycin. (From Umbreit, W. W.: Tr. New York Acad. Sc. 15: 8, ldo 
The production of penicillin involves (1) inoculation of a suitable siete 
dium with the spores of a pure culture of Penicillium chrysoge num, (2) 
owth of the mold under careful control of air and temperature, (3) separa- 
n of the liquid medium containing the penicillin, and (4) separation, con- 
tration, and purification of the penicillin. Penicillin may be esnimsiaren 
ravenously, intramuscularly, intrathecally, or topically. I given orally 
ut five times as much of this drug is required, due to destruction and non- 

























672 HUMAN BIOCHEMISTRY 


absorption in the gastrointestinal tract. It is rather rapidly excreted by the 
kidneys, probably through the renal tubules. (Rammelkamp. ) 
Streptomycin is second in importance only to penicillin. It was discovered 
by Waksman and associates in a deliberate search for an antibiotic which would 
be capable of exerting an inhibitory effect upon gram-negative bacteria. Strept 
mycin is produced by an organism, Streptomyces griseus, related both to ba 
teria and to molds, It is an organic base, soluble in water and insoluble in or- 
ganic solvents, and can be obtained as crystalline salts. The hydrochloride o 
sulfate is commonly used. The empirical formula is C,,H,,N,0,,. Upo 
hydrolysis a number of compounds results, and the nature of these revea 
its structure. There is produced streptidine and streptobiosamine. Streptidine, 
2,4,5,6-tetrahydroxy-1,3-diguanidocyclohexane, is attached through a elycosidie 
linkage to streptobiosamine, which is a nitrogen-containing disaccharide-lik 
compound. The two sugars which comprise the latter are streptose, C.Hi00s, 
and N-methyl-L-glucosamine. Streptidine is shown in Fig. 93. . 
Streptomycin is much more stable than penicillin. Sterile solutions main- 
tain their activity for two weeks or more at 37° C., and heating to 100° C. only 
partly inactivates them. It is somewhat more toxic than penicillin. Its great 
advantage is that it is effective in conditions which penicillin does not in-- 
fluence. Such are tularemia, tuberculosis, meningitis, and bacteremias due t 
Gram-negative bacteria, and certain enteric and urinary infections. (Pruess.) 
The introduction of two H atoms into the streptose portion, changing the alde- 
hyde group to an alcohol, produces dihydrostreptomyein. This is just 
potent as streptomycin. Of the two, streptomycin is thought to have a mo 
deleterious effect upon the vestibular apparatus, and dihydrostreptomycin has” 
its toxie effect upon the cochlear apparatus. A mixture of equal parts of each 
lessens these toxic actions. 
There are many other antibiotics; ie., substances produced by micro- 
organisms which have bacteriostatic or bactericidal properties. Besides peni- 
cillin and streptomycin, several are now being used widely. Three are desig- 
nated “‘broad spectrum’’ antibiotics; namely, chloramphenicol, Aureomyeim, 
and Terramycin.* The similarity in structure of Aureomycin and Terramyein 
is striking. Chloramphenicol is much simpler and was the first of the a 
portant antibiotics to be synthesized and manufactured by chemical methods. 
(Controulis.) All three are characterized by antimicrobial action seni 
Gram-positive and Gram-negative bacteria, certain Rickettsiae, and larg 
viruses. Chloramphenicol is also effective in typhoid fever. All three ha 
low toxicity and may be administered orally. 
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*Terramycin and Aureomycin have been desi >ftici “ ine” 
“chlortetracycline,” respectively. Chlora na designated officially ‘“oxytetracycline’ 
ly called Chloromycetin. . -hloramphenicol is the official name for the antibiotic for 
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Among the scores of other antibiotics isolated and investigated may be 
itioned tyrothrycin, bacitracin, polymyxin, neomycin, viomyein, and subtilin. 
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illus brevis produces tyrothricin, which contains the two mixtures of poly- 
tides, gramicidin and tyrocidine. They act chiefly upon Gram-positive 
ms. Bacitracin, a polypeptide, is derived from B. subtils and acts upon 
1y organisms of the staphylococcic and streptococcie groups. (Johnson.) 


THE SULFA DRUGS 


Although no exhaustive account of chemotherapeutic agents can be given 
this work, some mention of a few of the more important developments will 

be amiss. The most important advance of this nature since the discovery 
arsphenamine—indeed, probably of even greater value—was the synthesis 
| application of the sulfonamide derivatives. 

Sulfanilamide was first synthesized in 1908 by Gelmo and was widely used 
the dye industry, but its antibacterial power was not suspected for many 
rs. Complex derivatives, prontosil and neoprontosil, were shown in 1932 by 
man investigators to have a protective action against streptococcal infections 
mice, and for a while both were used clinically, particularly neoprontosil. 
the meantime French workers had postulated that these compounds were 
uced in the body to form free sulfanilamide and that it was this compound 
ch had the antibacterial activity. English and American scientists also took 
the studies. The early work of Long and Bliss in this country has been fol- 
ed by many hundreds of investigations of both an experimental and a clin- 

character, and as a result the use of these drugs is on a sound basis today 

many lives are constantly being saved because of their efficacy. 

Sulfanilamide is para-aminobenzenesulfonamide. 
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The ortho and meta compounds are quite inactive. All of the ‘‘sulfa’’ drugs 




















are derivatives of sulfanilamide; those most commonly used, in addition to 
sulfanilamide, are: . 
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The relation of these substituted groups to compounds of biological importance 
may be pointed out. The thiazole group is also present in thiamine, as is the 
pyrimidine nucleus of sulfadiazine. Niacin and pyridoxine both have the 
pyridine ring, which is seen in sulfapyridine. Guanidine itself is a toxic sub- 
stance, but creatine, a substituted guanidine, is a nontoxic physiological com- 
pound, and sulfaguanidine is no more toxie than the other sulfa drugs. * 

The five principal sulfa drugs are white crystalline compounds, only slightly 
soluble in water. They are not absorbed from the stomach to any appreciable 
extent, but sulfanilamide is absorbed throughout the remainder of the alimentary 
canal, as well as from serous cavities and open wounds. The others differ in the 
rapidity of absorption; this is largely related to their solubilities. The effective 
dosage depends both upon the rate of absorption and the rapidity of excretion. 

As is the case with many other organie compounds, the sulfa drugs are 
changed during their passage through the body. An acetie acid group is intro- 
duced in the free amino radical. As a rule, about 10 to 20 per cent of the cireu- 
lating drug is conjugated in this way. Coenzyme A is required for this 











acetylation. ¥ 
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Whether this acetylation results in lessened toxicity is not definitely known as 
yet, but the acetyl forms have no bacteriostatic action and, therefore, as the drugs 
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re rendered inert by acetylation, additional doses must be given. For effective 
edication frequent analyses of the blood must be made in order that the ther- 
peutic level of the drug be kept constant. This depends not only upon the 
apidity of absorption and excretion and the rate of acetylation, but also upon 
1e degree to which these drugs are bound by the plasma proteins. When bound 
1 this way they are believed to be inactive. 


All five of these drugs are effective upon oral administration and diffuse 
ito all tissues and body fluids to different degrees. They are eliminated chiefly 
y way of the kidneys, and some crystallize out too readily in the urinary pas- 
iges (see Fig. 70). To avoid this, Lehr recommends the use of mixtures of 
ifferent sulfonamides instead of a single one. Two or more of these compounds 
re soluble in one menstruum to the extent of their individual solubilities. There- 
re, a half saturated solution of sulfadiazine may be half saturated with sulfa- 
uiazole and the resulting fluid will not be fully saturated and will not permit 
ther compound to crystallize out. The sulfa drugs differ in the organisms 
hich they attack, but in general it may be said that they are effective against 
reptococci, staphylococci, meningococci, and pneumococci and a number of 
her pathogenic organisms. They are bacteriostatic and to some extent bacterio- 
dal in vitro as well as in vivo. These compounds are ‘‘biochemical an- 
igonists’’ to some essential cell component, as discussed in Chapter 24. 

An interesting vitamin relationship is that which has been shown to 
cist between the sulfonamide drugs and some of the B vitamins; namely, 
lie acid, biotin, and inositol. The inclusion of one of the sulfa drugs 
| a synthetic diet fed to rats leads to deficiency symptoms which ean be 
lieved by the addition of biotin, folic acid, and inositol. These factors can 
2 synthesized ordinarily by the rat and consequently are not needed in the 
et of that animal. Presumably their synthesis is effected by the intestinal 
ra. The sulfa drugs cause the vitamin deficiency by preventing the growth 
‘the microorganisms. Folic acid appears to be specifically concerned in some 
ay in maintaining the number of leucocytes and the proportion of granulocytes 
rats. Feeding sulfaguanidine or Sulfasuxidine leads to leucopenia and gran- 
ocytopenia in these animals, and crystalline folic acid corrects the condition. 
milarly the administration of sulfaguanidine or Sulfasuxidine may inhibit 
e formation of vitamin K by intestinal] organisms, and a diminution of pro- 
rombin may ensue. 

Besides the five principal sulfa drugs mentioned, a large number of others 
ve been synthesized. Many of them are in common use, and undoubtedly 

e will supplant one or more of these five. Sulfamerazine and Sulfamethazine 
e methyl derivatives of sulfadiazine; the former is a monomethyl and the sec- 
d a dimethyl derivative, the methyl group being substituted for hydrogens 
the pyrimidine ring. Both are more soluble than sulfadiazine and are used 
about the same way as that drug. Sulfasuxidine is succinyl sulfathiazole. 
is is one of the least toxic of this series and is being used to sterilize the in- 
tinal tract. Sulfaguanidine is also recommended for this purpose. How- 
r, the results of the animal experiments described, in which sulfa drugs were 
should be kept in mind when treating human beings with intestinal anti- 


’ 
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septics. Sulfacetamide, an extremely soluble derivative, is used with great 
success in the treatment of ophthalmic infections. } 

All of the sulfonamides are somewhat toxic—some are more so than othe 
and some individuals are more susceptible than others. Therefore they shoul 
always be used with the utmost caution. 


RADIOACTIVE ISOTOPES 


Several radioactive isotopes have been the subject of biological and clin 
ical investigation as a result of the recent intense activity in this field. Brie 
mention may be made of two: radioactive iodine and radioactive phosphoru 

Radioactive iodine may be used as a diagnostic test for hyperthyroidism 
One hundred microcuries of I'** in distilled water is taken orally and the ab- 
sorption of this by the thyroid gland may be measured by placing a Geiger- 
Miller tube over the gland either twenty-four or forty-eight hours after swal- 
lowing it. The thyroid of the average normal person retains less than 30 per 
cent, that of a patient suffering from myxedema concentrates still less, while 
an uptake of over 35 per cent places the individual in the definitely ‘toxiell 
range. Usually the greater the uptake, the more toxic is the patient cine 
This method is said to be more accurate than the determination of either th 
B.M.R. or the protein-bound iodine of the blood. (Hamilton; Jaffe.) An- 
other procedure is the determination of protein-bound radioiodine (PBI 
after administration of tracer doses. (Friedberg; Silver.) McConahey h s 
Shown that, three days after administration of I'**, the level of PBI?** was 
highest in hyperthyroid patients, virtually absent in myxedema eases, and in 
between in persons with no thyroid abnormality. ; 

In larger doses the same isotope is used to destroy thyroid tissue. It is 
said to be better than the use of roentgen rays and is the method of choice in 
certain types of toxic goiter. (Gordon and Albright.) The dosage may be 
gauged from the percentage uptake of a radioiodine tracer dose and the esti- 
mated weight of the thyroid gland. (Rawson and Rall.) Radioactive phos 
phorus is also used therapeutically. It is found to give good results in the 
treatment of refractory cases of polyeythemia vera and is a helpful adjunet 
in the management of chronic leucemia. (Erf and Lawrence; Duffy and How- 
land.) P*? is taken up first by the erythrocytes, later by the leucocytes. It 
also lodges, to a lesser extent, in rapidly growing tumors, and hence is used 
in tracer studies in cancer diagnosis. 







ENZYMES AND ENZYME INHIBITORS 


Mucolytic Enzymes.—Mucolytie enzymes occur both in microorganisms and 
In animal tissues and fluids. They catalyze the hydrolysis of highly polymerized 
mucopolysaccharides. These complex carbohydrates likewise are found both i 
microorganisms and in animal tissues and are built up from hexosamines and 
uranic acids,, Lysozyme and hyaluronidase are examples of mucolytie enzy 


which act upon these carbohydrates. Avidin and bacteriophages may also prov 
to belong to this group. 
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Lysozyme was discovered by Fleming. It is a globulin and occurs in egg 
white, tears, saliva, nasal secretions, and leucocytes. It is also found in some 
microorganisms. It has a bactericidal action upon some microorganisms as a re- 
sult of its attack upon the mucopolysaccharides present in the microbes. The 
products of the reaction are the simpler carbohydrates mentioned. Under the 
influence of lysozyme the microorganisms swell to several times their normal size, 
the Gram stain becomes negative, and nonprotein nitrogenous substances, inor- 
ganic phosphates, and the simple carbohydrates go into the surrounding medium. 
The enzyme is a basic protein having a molecular weight of 18,000 and is unlike 
most other enzymes in being heat- and acid-resistant. It is, however, unstable 
toward oxidation and alkali. It has been crystallized. ( Alderton. ) 

The functions of lysozyme are a subject for speculation. It is possible that it 
has a protective action when tissues are in a weakened condition. Thus, in vita- 
min-A deficient rats the xerophthalmia could be relieved by washing the eyes 
with human tears. (Findlay.) And in xerophthalmia in human beings a low 
concentration of lysozyme was found. Treatment with vitamin A raised it and, 
simultaneously, the condition was improved. (Andersen:) The occurrence of 
lysozyme and similar enzymes in some microorganisms is explained by Meyer and 
0-workers by the assumption that these enzymes are involved in some metabolic 
process connected with the carbohydrate substrates in the membranes of these 
microbes. These membranes are sometimes very tough, and it is also possible 
that the lysozyme softens them up preliminary to cell division. 

Large amounts of lysozyme seem to be harmful. Meyer and his group 
have recently linked lysozyme activity with ulcerative conditions of the 
vastrointestinal canal. In the first place, the enzyme is present in gastric 
mucosa and in the gastric juice of man. When ulcers are present, it is 
found to be in higher concentration, and when the ulcers are under control, 
the lysozyme is diminished, probably because it has been digested by pepsin. 
Similarly the stools of patients suffering from chronic ulcerative colitis were 
found to have a lysozyme content twenty-seven times that of normal stools. 
An ulcer could be produced experimentally in a Pavlov pouch dog by the in- 
stillation of erystalline lysozyme. It was felt that lysozyme acted upon surface 
mucus, digesting it away. Then it was presumed that the pepsin and HCl 
acted upon the unprotected mucosal tissue, eroding it to produce an ulcer. 
However, grave doubt has been cast on an etiological role for lysozyme. 
(Glass; Gray.) Nevertheless, this enzyme appears to be an index of the se- 
verity of the disease process and a measure of functioning colonic tissue. ; 

Lysozyme and avidin (see page 298) have similar properties and similar 
distribution and for a while it was thought that they might be identical. How- 
ever, several differences have been brought out. [or example, highly purified 
lysozyme has negligible avidin activity while retaining its power to hydrolyze 
the polysaccharide. It may also be stated that lysozyme and bacteriophage are 

ot identical, although it is probable that the two are associated in bactericidal 
ction. +e 

Hyaluronidase is the enzyme which catalyzes the depolymerization of hy- 

luronie acid. This mucopolysaccharide was first isolated from a type II pneu- 
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mococecus and has since been found in the vitreous humor, the umbilical cord, 
the synovial fluid, and in certain tumors. (Meyer.) However, its most sig- 
nificant location is the skin, which probably contains the largest store of this 
substance. Hyaluronic acid is a polymer of acetylglucosamine and glucuronie¢ 
acid, with a molecular weight of 200,000 to 400,000 or even higher, when 
present in some semisolid gels. It seems to bind water in the interstitial spaces, 
forming a sort of jelly, which holds the cells together. The enzyme is believed 
to be identical with the ‘‘spreading factor.’’ This is an agent which facilitates 
the diffusion of substances into tissues. If a suitable indicator, such as hemo- 
globin or India ink, is injected intradermally, it will, under normal conditions, 
remain localized. If the spreading factor is present, the indicator will diffuse 
over a wide area, depending upon the amount of the factor present. The hyal- 
uroni¢ acid present in the intercellular substance of the dermis apparently offers 
resistance to the spread of large aggregates, and when it is disintegrated by the 
enzyme (spreading factor) the resistance is abolished or at least diminished. 
Hyaluronidase is found in many microorganisms, as well as in extracts of leech 
heads and in snake and bee venoms. It also is present in spermatozoa ; in fact, 
the most convenient source for its preparation is bull or ram testes. 

Hyaluronidase may have a very important bearing on the spread of dis- 
ease germs in the body. Since many microorganisms produce this enzyme, 
it has been suggested that it determines their invasiveness. The hyaluronic 
acid present in the tissues acts as a physiological barrier to the organism, but 
as the organism produces the enzyme, which disintegrates the barrier, it 
spreads with ease into the surrounding tissues. It is believed that the efficacy 
of salicylates in rheumatic fever is due to a specific inhibition of hyaluronidase, 
thus preventing the breakdown of hyaluronie acid. 

Highly purified hyaluronidase is finding practical use clinically in fa- 


cilitating hypodermoelysis; i.e., the administration of large volumes of fluids 


hypodermieally. It is given prior to, or simultaneously with, the fluid and 
hastens its flow and absorption remarkably. It also has been used to enhance 
the penetration of drugs, such as penicillin, into mucous membranes and to 
spread the effect of local anesthetics over a wider area. 


Enzymatic Débridement.—On page 194 it was stated that fibrin eould be 
digested by an enzyme, *‘fibrinolysin’’ or ‘‘plasmin,’’ and that a precursor of 
this enzyme, present in human plasma, could be activated by streptokinase. 
This activator is derived from certain Streptococci. It has been purified and, 
In conjunction with the proenzyme, profibrinolysin or plasminogen, forms a 
powerful system for the rapid lysis of human fibrin. There is also produced 
by streptococci an enzyme which digests desoxyribonucleoprotein, This nu- 
cleoprotein and its nueleie acid constitute from 30 to 70 per cent of thiek, puru- 
lent exudates. The enzyme has been named “‘streptodornase.’’? Since the ma- 
terial present in many infected or neerotic wounds, burns, or other lesions 
contains both fibrinous and purulent matter, the two enzymes are administered 
in combination to effect solution of the fibrin and nucleoprotein, The agent 
is known as “‘streptokinase-streptodornase’’ and is being used clinically, It 
Is essential that the enzymes remain in close contact with the area to be treated 
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for several hours. They have no antiseptic or antibiotic action and do not 
digest mucin, collagen, or fibrous tissue. (Tillett; Christensen and MacLeod; 
Sherry and Goeller.) 

Enzyme Inhibitors.—The synthesis, by Roblin and Clapp, of hetero- 
cyclic sulfonamides possessing marked carbonic anhydrase-inhibiting powers 
has led to a number of investigations which may have clinical application. 
One of these compounds, named Diamox, has been found to cause diuresis 
when given intravenously, or even orally, to patients with congestive heart 
failure. (Friedberg.) This effect is attributed to an inhibition of the forma- 
tion of H* ions in the renal tubule cells, permitting the greater secretion of 
Na* and water. The same inhibitor is effective in diminishing the secretion of 
gastric HCl, and also the volume output and bicarbonate content of pancreatic 
juice. (Janowitz and Hollander; Hollander and Birnbaum.) The possible use 
of such an agent in controlling peptic ulcers is apparent. 


CORTISONE AND ACTH IN RHEUMATOID ARTHRITIS 


Rheumatoid arthritis is a chronic disease affecting the joints, charac- 
terized by pain, deformity, limitation of motion, and sometimes bony ankylo- 
sis, and resulting in debility and weakness. In the past the most useful ther- 
apeutic agents have been salicylates, combined with rest, improved nutrition, 
general hygiene, and, if possible, a warm dry climate. Evaluation of new 
drugs has been difficult, because remissions frequently occur spontaneously 
for varying lengths of time. However, the discovery by the Mayo group, in 
1949, of the effect of cortisone and ACTH was dramatic and conclusive. 

Twenty years previously, Hench had made the observation that if pa- 
tients suffering from rheumatoid arthritis became pregnant or jaundiced, 
there was a prompt relief of the arthritic symptoms. On this basis he tested 
many bile and hormonal derivatives for their value in this condition without 
avail, until finally Kendall’s compound E (see page 608) became available. 
This is 11-dehydro-17-hydroxycorticosterone and is called ‘‘cortisone.’’ It 
effects a decrease in the stiffness, tenderness, and pain in the joints in a few 
hours or days. Diminution of the joint swellings, disappearance of soft tissue 
deformities, and general improvement in health occur more slowly. ACTH, 
which, of course, stimulates the production of cortisone, has an effect which 
parallels that of cortisone in every particular. Cortisone is now produced on 
a large scale by ‘‘partial synthesis’? (Sarett) and is being used not only for 
rheumatoid arthritis, but also for a number of other ailments, including acute 
rheumatic fever, acute asthma, and Addison’s disease. 

The mechanism whereby cortisone produces its effect is not known. Ap- 
parently it is replacement therapy, since it must be administered continually, 
and, obviously, ACTH functions by stimulating the adrenal cortex to pro- 
duce this as well as other adrenal cortical hormones. Sayers suggests the fol- 
lowing possible theories to account for cortisone’s action : (1) interference 
with the release of some anaphylactogenic substance or with its toxie action, 
(2) alteration in cell permeability as a result of the influence of the hormone 
on of responses in mesenchymal tis- 


upon hyaluronidase, or (3) the suppress! 
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sues. In connection with (2), Seifter and associates have shown that adrenal 
cortical extract can abolish the enhancing effect of hyaluronidase on perme- 
ability of tissue membranes. 

The explanation offered for the temporary suppression of arthritis dur- 
ing pregnancy and jaundice is that in these conditions the anterior pituitary 
is stimulated to increase its output of ACTH, which in turn causes the adrenal 
cortex to produce more cortisone, and the cortisone produces the beneficial 
effect against arthritis. In this connection it is interesting to note that Gra- 
nirer was able to induce remission of rheumatoid arthritis by the intravenous 
administration of suitable amounts of post-partum plasma. 

As might be expected, cortisone sometimes has unpleasant side effects. 
Some of these remind one of the adrenogenital syndrome (page 612). Others 
are hypertension, headaches, skin eruptions, confused mental states, and even 
diabetes, which may disappear when the cortisone treatment is discontinued. 
As a result, there are quite a number of contraindications to its use. 


PYROGENS 


Parenteral administration of nutrients or medicinal substances dissolved 
in sterile distilled water sometimes gives rise to febrile reactions which have 
been attributed to ‘‘pyrogens.’’ These pyrogens are metabolic products of 
microorganisms which are present in the medicinal, in the water employed 
as the diluent, or which result from trace microbial growth, occurring subse- 
quent to the preparation of the parenteral solution and prior to its steriliza- 
tion. Pyrogens are relatively heat Stable, although syringes and needles may 
be rendered pyrogen-free by heating at 250° C. Such factors as the nature of 
the pyrogen, temperature of heating, pH, time of heating, and interaction with 
medicinals present serve to influence the rate of thermal destruction. Conse- 
quently, heating is usually of no value in the ease of biologicals. Oxidizing 
agents, such as permanganate and peroxide, are known to destroy pyrogens but 
are impractical for use with most medicaments. Absorptive agents, e.g., ehar- 
coal, kaolin, and alumina, are moderately effective for removal of pyrogens. Fil- 
tration through conventional bacteriologie filters is relatively ineffective, but fil- 
tration through special compressed asbestos pads of extremely low porosity has 
been claimed to be a reliable depyrogenizing procedure for limited volumes of 
‘‘parenterals.’’ In general the most practical solution to the problem is to avoid 
contamination with pyrogen-producing organisms, Such organisms are pres- 
ent almost everywhere, and the utmost care and cleanliness are required in the 
equipment employed and the technique used in the preparation of parenterals 
to prevent their growth. Commercial firms routinely subject their parenteral 
products to the rabbit Pyrogenicity test described in the U. S. Pharmacopeia. 

The chemical composition of pyrogens has not been fully elucidated, In 
fact the essential question of whether pyrogens from various microbial sources 
are the same or different has not been unequivocally answered, although they 
are probably different. The limited data available would deseribe pyrogens 
as relatively stable polysaecharide complexes, containing significant amounts 


RECENT CLINICAL APPLICATIONS 681 


of nitrogen. At least a portion of the nitrogen is attributable to amino-sugars. 
Evidence for the presence of bound lipids and a phosphorus containing moiety 
exists. Nucleic acids have been reported to be frequently associated with 
pyrogens and to be extremely difficult to remove. It is generally agreed that 
pyrogens are not proteins. 


Fever therapy in some form has long been used in the treatment of dis- 
ease. So-called nonspecific, foreign protein therapy dates back to the eight- 
eenth century, but it was only recently recognized that the vague phenomena 
included under this heading had a common etiology; namely, pyrogens. Trace 
microbial contamination of a protein is usually sufficient to result in the forma- 
tion of enough of the polysaccharide complex to impart pyrogenic activity. 
Several relatively pure pyrogenic polysaccharide complexes have been de- 
scribed recently. Their availability has stimulated investigations, leading to 
the realization that these substances, which are active even in microgram quan- 
tities, are capable of eliciting a miscellany of complex physiological changes. 
These effects, produced even by subfebrile doses, apparently involve the re- 
ticuloendothelial and pituitary-adrenal systems. 


One of the most constant effects in animals and man is a rise in the num- 
ber of circulating leucocytes, preceded by a brief diminution. Histological 
studies after administration of a purified pyrogen from a Pseudomonas species 
have revealed stimulation of bone marrow and lymphoid tissues, together with 
changes in the adrenals, and, to a lesser extent, in certain of the other endo- 
erine organs. Corticosteroids are secreted, while the adrenal ascorbic acid is 
simultaneously decreased. In this sense the response resembles that produced 
by ACTH. There is also evidence that trophic hormones other than ACTH 
are also secreted. It appears that some of the effects may be exerted through 
the pituitary-adrenal system, while others may be the result of direct action 
on other tissues. The latter is indicated by the fact that purified bacterial 
polysaccharides do affect the metabolism of leucocytes in tissue culture. 


It is impossible as yet to predict precisely what role pyrogens will play 
in therapeutics, but their isolation in purified form and the accumulation of 
fundamental biochemical and physiological information have established a 
rationale for their use. Current clinical research indicates that these pyro- 
genic polysaccharide complexes may be of real value in allergies, dermatoses, 
and ophthalmologic conditions. They have also shown some promise in cer- 
tain neurological disorders. These pyrogens should be distinguished from 
the one produced in inflammations which is of a protein nature (see page 663). 
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Appendix 


Standard Buffer Solutions 


Clark and Lubs standards are prepared by adding to 50 ¢.c. of 0.2 M potassium chlo- 
de the indicated number of cubic centimeters of 0.2 N hydrochloric acid and diluting to 
70 c.c. 


pH 1.2 1.4 1.6 1.8 2.0 22 
ec. HCl 645 415 263 166 106 # 6.7 


The next series is prepared by adding to 50 ec.c. of 0.2 M acid potassium phthalate the 
dicated number of cubic centimeters of 0.2 N hydrochloric acid and diluting to 200 e.e. 


pH 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 
e.c. HCl 39.60 32.95 2642 20.32 14.70 9.90 5.97 2.63 


Another series is prepared by adding to 50 ¢.c. of 0.2 M boric acid in 0.2 M potassium 
nloride the indicated number of cubic centimeters of 0.2 N sodium hydroxide and diluting tu 
00 c.c. 


pH 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8 10.0 
cc. NaOH 59 85 12.0 163 21.3 26.7 32.0 3685 408 43.9 


Walpole acetate standards are prepared by mixing 0.1 N solutions of acetic acid and 
»dium acetate in the following proportions: 


pH e.c. 0.1 N Acetic acid  c.c. 0.1 N Sodium acetate 
3.6 185 15 
3.8 176 24 
4.0 164 36 
4.2 147 53 
4.4 126 74 
4.6 102 98 
4.8 80 120 
5.0 59 141 
5.2 42 158 
5.4 29 171 
5.6 19 181 


Sérensen phosphate standards are prepared by mixing M/15 solutions of disodium phos: 
hate and potassium acid phosphate in the following proportions: 


e.c. M/15 Disodium e.c. M/15 Potassium 
phosphate acid phosphate 


97.0 
95.0 
92.2 
88.0 
81.5 
73.5 
62.5 
50.0 
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TABLE LIII* 


SopIUuM AND POTASSIUM CONTENT OF Foops. ANALYSES MADE ON EDIBLE PORTIONS 0 


UNPROCESSED Foops EXCEPT AS OTHERWISE DESIGNATED 





SODIUM POTASSIUM 


FOOD mg./100 gm.|mg./100 gm. 
ae cereal 1400 1200 
are 3 690 
Roasted in oil, salted 160 710 
qenaty paste 9800 200 
ples 
Tyiios (sweet cider), bottled 4 100 
Mackintosh, less skin and core 0.2 90 
Sauce, canned 0.3 55 
Apricot 
Canned in sirup 2 65 
Dried 11 1700 
Raw, with skin 0.6 440 
yyeneel ws globe 43 430 
sparagus 
pears, canned 410 130 
Tips, fresh 2 240 
Avocado 3 340 
Bacon ; 
Fried crisp 2400 390 
Baking powder 
Alum type 10 ,000 150 
Phosphate type 9000 170 
Tartrate type 7300 5000 
Banana 0.5 420 
Barley, pearled 3 160 
Beans 
Baked, Navy 
With pork and tomato sauce, canned 480 210 
With tomato sauce, canned 400 140 
Dry, Navy 1 1300 
Green, in pods 
Canned 410 120 
Fresh 0.9 300 
Lima 
Canned 310 210 
Fresh 1 680 
Frozen 310 580 
Beef 
Corned 1300 60 
Dried 4300 200 
Lean, koshered, raw 1600 290 
Lean, raw 51 360 
Beer 8 46 
Beets 
Canned 36 120 
Greens, fresh 130 570 
aw 110 350 
Blackberry 0.2 150 
Blueberry 0.6 89 
Bouillon cube 24 ,000 100 
Brain, pig 150 340 
Bran, wheat, crude 15 980 
Brazil nuts 
Raw 1 670 
Bread 
Boston brown, with raisins 280 360 
Low-sodium—4 laboratory samples 3 94 
Low-sodium cinnamon roll 2 120 
Low-sodium—14 commercial ‘‘salt- 
free’ breads: 
Maximum 76 200 
Minimum 4 72 
Average 28 120 
Rye and wheat 590 160 
White, enriched 640 180 
Whole wheat 930 230 
Whole wheat and white 620 250 
Broccoli 
Fresh 16 400 
Frozen 13 250 
Brussels sprouts 
Fresh iD 450 
Frozen 9 300 
Butter 
4 Indiana samples 880 23 
Unsalted 5 4 
Buttermilk, cultured 130 140 
Cabbage 5 
Cas “ 
ar, Baby Rut 170 
Bar, a Way 220 4 
Bar, Oh Henry 76 420 








“Selected from Table 1 of Bills, C. E., MeDonal 
Waters, J. Am. Dietet. A. 25:304 1949, 


FOOD 


Candy, continued 
Gum drop 
Marshmallow 
Milk chocolate 
Necco Wafers 
Peppermint patty, Schrafft’s 
Sweet chocolate 
Cantaloupe 
Carrots 
Canned 
Seraped and trimmed 
Cashew nuts 
Roasted in oil, salted 
Catchup, tomato 
Catfish (fiddler), Ohio River 
Cauliflower 
Buds 
Buds, frozen 
Caviar, salmon, canned 
Celery Stalks, less leaves 
Cereals, dry 
Bran 
All-Bran 
Crude, unsalted 
Corn flakes 
Farina 
Cream of Wheat, plain 
Cream of Wheat, quick-cooking, 
enriched 
Grape-Nuts 
Pablum 
Rolled Oats 
Ry-Krisp 
Wheat 
Flakes 
Germ, malt-flavored, Zing 
Instant Ralston 
Maltex 
Mufiets 
Pettijohn’s 
Puffed 
Shredded 
Wheatena 
Chard 
Large leaves 
Small leaves 
Cheese 
American Swiss 
Cheddar 
Cottage 
Cream, Philadelphia 
Tocess 
Whey, Velveeta 
Cherries 
Sweet 
Dark, raw 
Canned in sirup 
Chestnut 
Chicken, raw 
Breast meat 
eg meat 
Chocolate 
Sirup, Hershey 
Unsweetened 
Cider, sweet (apple juice), bottled 
Citron, candied 
Clam 
Cocoa 
Dutch process 
Plain, Hershey 
Coconut 
Dry, shredded 
eat 
Milk 
Cod 
Raw 
Frozen fillets 
-liver oil 
Salted, dried 
Coffee 
Instant, Nescafe, dry 
Roasted 
Decaffeinated, Sanka, dry 
Regular, dry 









SS —E—————SESES———==EEESES eee 


SODIUM 


mg./100 gm.|mg./100 gm, 


620 
1500 
1300 


-oO 


Nok Dee 


210 


710 


1600 



















































POTASSIUM 


18 
6 
420 
2 



















FOOD 


ookie, salt-free, Betty Bakerite 
orn 
ie yellow, enriched, degerminated 


Popcorn, popped and oiled 
Popcorn, popped, oiled, and salted 
Starch 
Sweet 
Yellow 

Canned 

Frozen 

Milk stage 
owpeas, fresh, shelled 
rab, canned 
rackers 
Rye. Ry-K 

ye, Ry-Kris 

Soda ss 
ranberry 
Raw 
Sauce, canned 
ream, whipping, 32% fat 
ucumber, less parings 
urrants 


Red 
urry powder 


andelion greens 

ate, semi-dry, California 
extrose 

uck, domesticated, raw 
Breast meat 

Leg meat 


a 

Whites only 
Whole 
Yolks only 


replant, less skin 
ndive greens 


gs . . 
Canned in sirup 
Dried 


w 
Iberts (hazelnut) 
our 
Bleached 

Enriched, Gold Meda 
Enriched, phosphated 
Buckwheat 
Gluten 
Rye, dark 
Self-rising 
Untreated, high-extraction 
Whole wheat (Graham) 
‘uit cocktail, canned in sirup 
elatin 
Dessert, flavored, Jell-O 
Plain 
Inger 
izzard, turkey 
luten flour 
oose, raw 
Breast meat 
Leg meat 
ooseberry 
Raw 


rapes 

Concord, less seeds and skin 
Emperor, less seeds, with skin 
Jam 

Juice, Concord, sweetened, bottled 
Thompson Seedless, with skin 
Tokay, less seeds, with skin 
pefruit 

Fresh 

uice, sweetened, canned 

vy flavoring, Kitchen Bouquet 
bu ¢ 
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TABLE LIIJ—Convt’p 
sopIUM | POTASSIUM 
sopIUM | POTASSIUM 
mali amme/i00 en. | be: ma gm a 00 
12 240 Horse-radish, prepared 96 290 
Ice Cream 100 90 
0.7 120 Jam, grape 7 78 
0.2 0.1 Kale, leaves and midribs 110 410 
ora att ete beef 210 310 
umquat, pulp and rind, less seeds 
4 4 Pass pulp s seeds 7 230 
Chop, lean, raw 98 340 
Leg, lean, raw 7 380 
9 190 Lemons, pulp and juice 07 130. 
0.4 370 Lentils, dry 3 1200 
2 560 Lettuce 
1000 110 Head 12 140 
710 330 Tae Ip and j f ia 
: ime, pulp and juice 
1500 600 Liver, fe) : ; me 
1100 120 Calf 110 380 
Goose 140 230 
1 65 Pig 77 350 
1 17 Turkey 51 160 
40 56 Lobster, boiled in tap water 210 180 
0.9 230 Lonalac, dry 13 1300 
Macaroni, plain, dry 1 160 
2 160 Maple sirup 14 130 
45 1300 Marmalade, orange 13 19 
76 430 Matzoth 
1 790 Meal 4 130 
1 0.4 Passover (Passover bread) 1 140 
Mayonnaise 590 25 
68 360 Meat extract, flavored 11 ,000 6000 
96 210 Milk 
Cow's 
110 100 Buttermilk, cultured 130 140 
Condensed, sweetened 140 340 
81 100 Evaporated 100 270 
2 A eh Fat 0.4 0.3 
18 400 oe = se 
Dry 410 1100 
1 105 Liquid 50 140 
34 780 Malted, dry 440 720 
2 190 Molasses, cane 80 1500 
1 560 Mushrooms 
Canned 400 150 
Raw 5 520 
1 86 Mustard 
13 78 Greens 48 450 
1 680 Powder 3 840 
2 24 Prepared paste 1300 130 
1 860 : > 
1500 90 Nectarine, less skin 2 320 
1 120 Oats, rolled (oatmeal), dry 2 340 
2 290 Okra, fresh 1 220 
9 160 Oleomargarine 1100 58 
Olives 
330 210 Green, pickled 2400 DD 
36 22 Oil 0.2 0.2 
29 1100 Ripe, pickled 980 23 
58 170 Onion, less tops and dry skins 1 130 
2 24 Oranges 
Juice, unsweetened, canned 0.5 190 
76 420 Pulp and juice 0.3 170 
96 420 Temple, pulp and juice 3 220 
Oyster, raw 73 110 
0.7 87 Pancreas, pig, raw 57 240 
Parsley, fresh 28 880 
3 84 Parsnip, scraped and trimmed, fresh 7 740 
4 180 Peaches 
7 78 Canned in sirup 5 31 
1 120 Dried 12 1100 
4 180 : Raw, less skin 0.5 160 
Me 160 eanuts 
. Butter 120 820 
0.5 200 Oil 0.2 0.1 
0.4 150 Roasted 
86 280 Dry, with skin 2 740 
In oil and salted, a 
56 540 with skin 460 700 
460 500 so ae ; 
1100 340 artlet' 
540 200 Canned in sirup 8 52 
; Raw, less skin and core 2 100 
90 160 Peas 
69 240 Canned, less liquor 270 96 
250 22 Dry, split a an 


7 10 Fresh 
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TABLE LIJJ—ConrT’p 
SODIUM | POTASSIUM SODIUM | POTASSIU, 
- FOOD a mg./100 gm.|mg./100 gm. hy mg./100 gm.|mg./100 gm. 
Pecan, raw 0.3 |° 420 aap 
Pepper (spice) aple 130 
Blac 16 880 Sorghum 
as * an a sarge aa Karo Crystal 
ite 
Peppermint extract 0.3 5 Soft drinks 
Peppers, green, empty pods 0.6 170 Carbonated water 
Pickle, dill 1400 200 Canada Dry 
Pineapple Made with Sparklet carbon dioxide 
Canned in sirup 1 120 capsule and distilled water 
Frozen in sirup 1 38 White Rock 
Juice, unsweetened, canned 0.5 140 Coca-Cola 
eo 0.3 210 Gna - r, 
- emon-lime soda 
Canned in sirup 18 110 ~ Orange Crush 
Steal 0.6 170 Fousvee es 
oyal Crown Cola 
By : ve d Root beer 
oe and salted 2000 240 ‘Beef, canned, diluted as served 
omato, canned, diluted as served 
ne raw 58 260 Vegetable, canned, diluted as served 
Rood 1800 27 pv Sa, 
ry 
Cereal beverage, dry 36 1300 Flour, solvent-extracte 
Instant, dry 71 22 8 ti— i 
Posten 00 ee See macaroni 
ater 340 880 Ceara 
rozen 
Canned . 48 200 Raw 2 ad 
wee less skin 4 530 Squash, raw be 
ite Acorn, less rind and seeds 
te ° 350 240 Hubbard, less rind and seeds ae 
aw, less skin 0.8 410 White summer, less rind, with i 
Poultry seaso r j Sets 0.2 
tere | soning i ad Sau ie une) less rind, with seeds 0.6 200 
uash, cooked, frozen 
a ae . Starch, corn f 
are in sirup : S Poa vheere 
Juice, unsweetened, bottled 2: 260 Bere ene : 180 
Raw, with skin 0.7 210 Su auf 0.8 180 
, ] gar 
Pumpkin Light Brown 
Canned 2 240 White ¥ me 
‘ rs less rind and seeds 0.6 480 hepato pancreas and thymus ne : 
uail, raw tines 
Breast meat 35 160 Pulp and juice 2 110 
Leg meat 44 190 Tapioca, dry 5 
Quince, less skin and core, raw 0.7 290 Tea, India-Ceylon-Java blend, dry 4 1800 
Rabbit, domesticated, raw thet ood ge ha 96 360 
oreleg 47 370 Canned 
Loin ae 18 130 
na, ith ain 4 Le | Sie 00 | 8 
Seed ; Raw, with skin = an 
eedless 21 79 T 3 230 
Raspberries 0 ongue, beef, raw 100 260 
Black 03 ‘an ‘pel picker 46 19 
Red ; yoaeoane 800 240 
0.5 130 Turk 
Rh ey, raw 
ee oe (P. Breast meat 
rozen in sirup 2 160 Leg meat 40 320 
Ribs, dry 1 70 Turnips, raw eo oi 
Brown coven 
Flakes = 150 White, less skin and tops - an 
Polished pail Banton : ee , y ft (rutabaga), less skin and tops 5 260 
uffe eal, lean, 
Wi d (Zizania) oF a Vinetar raw 48 330 
um ider 
ivi 2 3 Distilled Le 
Saute 540 300 vee eis ‘ 
a c a 
“gine 48 410 ED oer k 3 150 
; so) xs atermelon, pi i 
Picard canned in oil 510 560 = ‘ a part of fruit 0.3 110 
anned in natural sauce eeswing (outermost coats) 4 
Canned in tomato sauce ip a Bran, crude 15 280 
Sauerkraut. canned 6 $20 Germ, crude 2 780 
Sausage 30 140 ae 2 24 
Bolo inter, scoured— 
Frankfurt a Col Wainy red—4 samples 2 370 
Pork ended 
Scallop, frozen a 140 Bonded Of 0 6 
Shortening, vegetable 420 Wine i ; 
Crisco 4 Port 4 75 
eh SPY oa . Mecubinke® 10 87 
‘ : P orcest i 
rimp. raw 140° ecg Libs asta ire sauce 
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AA, 422 (see also Adenylic acid) 
Absorption, amino acids, 362 
carbohydrate, 413 
protein, 362 
spectra, 176 
of hemoglobin and derivatives, 176, 177 
vitamin D, 267 
Acacia, blood substitute, 198 
Accelerators, enzyme, 217 
Acetaldehyde, oxidation by dehydrogenases, 
346 
Acetate, 426 
active, 297 
metabolic reactions, 358 
Acetic acid, conjugating agent, 647 
Acetoacetate, synthesis, 297 
Acetoacetic acid, a ‘‘ketone body,’’ 459 
from amino acids, 376 
from fatty acid oxidation, 456 
from leucine, 378 
from phenylalanine, 381 
in urine, 528 
Acetoacetyl-coA, 458 
Acetone, a ‘‘ketone body,’’ 459 
in urine, 528 
Acetylation, 297 
Acetylcholine, formula, 142 
physiological role, 142 
Acetyl-coA, 426, 427, 458 
Acetyl-coenzyme A, formation, 297 
Acetyl group, two kinds of transfer, 297 
number, 84 
phosphate, with energy-rich bond, 354 
Acetylphosphoric acid from pyruvie acid, 
428 
3-Acetylpyridine, antagonist to niacin, 651 
Acetylsalicylic acid, hydrolysis, 649 
Achlorhydria, types of, 229 
Achromotrichia in pantothenic deficiency, 
297 
Achroédextrin, 67 
Acid-base balance, 542 
disturbances, 549 
composition of blood plasma, 492 
Acid-forming foods, 323 
cid(s) inhibition of gastric secretion, 224 
metabolic, 544 
cidity, gastric, curves, 229 
due to organic acids and acid salts, 229 
free, 229 
total, 229 
relationship to pH and pOH, 23 
titratable, 28 
cidophilus milk, 161 
cidosis, ammonia in, 517 
and alkalosis, 548 
. causes, 548 
CO, combining power in, 596 
definition, 548 
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Aconitase, 427 
Acrodynia, 293 
Acroiein, formation from glycersl, 79 
Acromegaly, 623 
blood sugar in, 581 
carbohydrate metabolism in, 442 
Acrylie aldehyde, formation from glycerol, 
79 
ACTH (see Adrenocorticotrophic hormone) 
Actin, 143 
Activation of hydrogen, 346 
Activators, definition, 209 
for salivary amylase, 222 
of enzymes, 216 
of pancreatic amylase, 232 
of proenzymes, 217 
Actomyosin, 143, 144 
Adaptation syndrome, general, 637 
Addison’s disease, blood chloride, 595 
carbohydrate metabolism, 441, 443 
diagnostic test, 514 
diet in, 336 
electrolytes in, 501 
melanin formation in, 382 
symptoms, 608 
treatment with adrenal cortex, 610 
with NaCl, 610 
Adenase, action, 400 
Adenine, fate, 400 
formula, 398 
Adenosine, 399 
diphosphate, 422, 428 
in muscle contraction, 423 
in phosphorylations, 416 
triphosphatase, 144 
triphosphate, 422, 427, 428 
and coenzyme A, 297 
and hexokinase, 440 
in heart muscle, 430 
in muscle, 145 
contraction, 423 
in peptide linkage formation, 646 
in phosphorylation, 413, 416 
in transmethylation, 392 
in urea formation, 372 
oxidation and, 360 
with energy-rich bond, 354 
S-Adenosylmethionine, formation and func- 
tion, 392 
Adenylie acid, 399, 422 
formula, 404 
functions of, 404 
in coA, 297 
in muscle contraction, 423 ' 
pyrophosphate (see also Adenosine tri- 
phosphate), 424 
relation to adenosine triphosphate, 146 
Adipose tissue, 140 4 
endocrine conditions and, 570 
water content of, 18 — 
ADP, 416 (see also Adenosine diphosphate ) 
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Adrenal cortex and electrolyte metabolism, 
501 
and lymphoid tissue, 613 
and pantothenic acid, 295 
antagonism to pancreas, 441, 445 
deprivation, symptoms, 606 
hormones of, 606 
relation to epinephrine, 612 
to vitamins, 612 
steroids of, 607 
insufficiency and hyperpotassemia, 501 
medulla and carbohydrate metabolism, 441 
tissue, water content of, 18 


Adrenal-cortical secretion, control of, 612 


Adrenaline, 604 (see also Epinephrine) 
glucosuria, 432 
glycogenesis and, 419 
relation to tyramine, 251 
Adrenine, 604 (see also Adrenaline and Epi- 
nephrine) 
Adrenocorticotrophic hormone, nature and 
action, 627 
in rheumatoid arthritis, 679 
Adrenogenital syndrome, 612 
Adrenosterone, formula, 613 
Adsorbate, 42 
Adsorbent, 42 
Aerobic phase of muscular contraction, 421 
A:G ratio, 592 
Agar-agar, 71 
Aged, saliva, amylase, 221 
Agglutinin reactions, 171 
of human plasma, uses of, 199 
Aging, effect on red blood cells, 176 
Aglucone, 56 
Aglycone, 56 
Air, respiratory, composition, 534 
water in respired, 495 
Alanine, decomposition in large intestine, 
249 
formula, 104 
metabolism, 377 
Albinism, 531 


Albumin(s), examples, occurrence, and prop- 
erties, 96, 98 
and globulins, separation, 99 
blood plasma, 169 
egg, composition, 120 
in blood, normal and pathological, 591 
in plasma, concentration, 168 
of human plasma, uses of, 199 
of plasma, 169 
Albumin:globulin ratio in blood, 592 
of lymph, 200 
Albuminoids, 99 
examples, occurrence, and properties, 97 
Albuminuria, 526 
Alcohol(s), conjugation with glutamic acid, 
648 
ethyl, and gastric secretion, 224 
caloric value, 560 
food value, 327 
metabolism, 559 
respiratory quotient, 560 
Aldolase, 423 








Aldoses, 44 
D- Aldoses, relationships among, 49 
type formula, 50 
L-Aldoses, relationships among, 48 
type formula, 50 
Alimentary hyperglycemia, 415 
tract, diagram, 220 
Alkali deficit, primary, 549 
excess, primary, 549 
reserve, 544 
Alkaline tide, 226, 510 
Alkalinity, relationship to pH and pOH, 23 
Alkaloidal reagents, 102 
Alkalosis, causes, 548 
CO, combining power in, 596 
definition, 548 
Alkaptonuria, 380, 505, 531 
Allantoin from urie acid, 518 
in purine metabolism, 401 
Allergy, food, 330 
Allopregnane, formula, 86 
p-Allose, formula, 49 
L-Allose, formula, 48 
Alloxan diabetes, 435 
formula, 435 
from uric acid, 518 
All-trans retinene, 263 
vitamin A, 263 
Alpha beta D-glucose, 58 
p-Altrose, formula, 49 
L-Altrose, formula, 48 
Amidases, action, 210 
Amidine group, 396 
Amines, aliphatic, oxidation, 644 
effects on blood pressure, 251 . 
epinephrine series, 642 


gE 
sympathomimetic action, 642 
é 
4 





a-Amino acids, absorption, 362 
acetoacetic acid yielding, 376 
acetylation, 108 
antagonists, 651 
antiketogenic, 461 
assay, 122 
benzoylation, 108 
blood, normal and pathological, 587 
brain protein, 141 ; 

F 


- % 


chromatographic analysis, 125 

classification as to indispensability, 121 

clinical uses, 405 

color reactions, 110 

pb and L forms, 108 

decomposition in large intestine, 249 

determination, 122 

dipolar form, 112 

dispensable, 121, 406 

importance, 407 
for man, 407 

entry into cells, 363 

essential, 406 (see also Indispensable 
‘amino acids ) 

esterification of, 108 

fate of non- nitrogenous residues, 375 

formulas, 104 

free, in milk, 156 

general path in body, 363 

glucose-yielding, 376 

indispensable, 121, 406 (see also Essen- 
tial amino acids) 
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r-Amino acids, indispensable—Cont’d 
for man, 407 
in cow’s milk, 155 
in foods, 316 
ion exchangers and, 125 
in proteins, 104 
isoelectric points of certain, 114 
ketogenic, 461 
metabolic reactions, 358 
metabolism of individual, 376 
microbiological assay of, 123 
minimum requirement, 122 
occurrence in animal proteins, 120 
in plant proteins, 120 
oxidase, proline attacked by, 390 
oxidation by dehydrogenase, 346 
parenteral feeding, 405 
physiological transformations, 366 
reaction with formaldehyde, 109 
with ninhydrin, 109 
with nitrous acid, 109 
reactions of, 108 
recommended requirements, 122 
replacement in tissues, 369 
rotation, indication of, 108 
semidispensable, for man, 407 
Sorensen reaction, 109. 
type formula, 96, 104 
urinary, normal and pathological, 528 
uses, 365 
Amino acid oxidase, atabrine and, 360 
-Amino acid oxidase, histidine decomposition 
by, 388 
in protein metabolism, 371 
3-Amino acids in peptides, 146 
Amino ethyl mercaptan, formation, 249 
-Amino galactose, 72 
glucose, 72 
+-Amino, 5-imidazolecarboxamide and purine 
synthesis, 403 
Amino peptidase, intestinal, 234 
sugars, 72 
y-Amino sulfonic acids, 651 
y-Aminoadipic acid from lysine, 387 
»-Aminobenzoice acid, 298 
acetylation, 647 
a detoxicant, 647 
and sulfanilamide, 299, 649 
deficiency, effect of, 298 
formula, 300 
properties and occurrence, 300 
»-Aminoethanesulfinic acid, 384 
Aminopterin, antagonist to folic acid, 652 
Ammonia carriage, 387 
formation, 374 
and bicarbonate conservation, 546 
site, 374 
formed in deamination, 371 
in acidosis, 517 
urinary, amount and function, 517 
mygdalin, 57 
ylase, blood, 599 
intestinal, 235 
pancreatic, action of, 233 
activators of, 232 
crystallized, 208 
salivary, 221 





Amylodextrin, 67 
Amylopectin, 67 
diagrammatic formula, 69 
structure, 68 
Amylopsin, 232 
Amylose, 67 
structure, 68 
Anabolism, 342 
Anaerobic phase of muscle contraction, 421 
Anaphylaxis, 362 
Androgenic substance, secretion of, 613 
Androgens, 635 
Androstane, formula, 86 
Androsterone, formula, 636 
Anemia(s), bile pigments in blood in, 598 
blood cholesterol in, 589 
color index, 591 
hemoglobin in, 590 
_ hypochromie, iron absorption, 479 | 
nutritional, 163, 194 
pernicious, 195 
blood uric acid in, 585 
hypocholesterolemia in, 589 
pteroylglutamie acid in, 302 
sickle-cell, 196 
Angiotonase, 661 
Angiotonin, 660 
Anion exchange resin, 125 
Anionie detergents, 81 
Animal(s), cell, 128 
experimental, in vitamin studies, 255 
protein factor, 303 
Anserine, 389 
in muscle, 146 
Antagonism, biochemical, 649 
Anterior pituitary gland (see also Pituitary 
gland, anterior lobe) 
and bone growth, 138 
and carbohydrate metabolism, 441, 442 
and fatty liver, 453 
glucokinase inhibition, 440 
pituitary-like hormone, 631 
in urine, 523 
pituitary-thyroid relationship, 627 
Anthracene, conjugation, 647 
Antiacrodynia factor, 293 
Antianemia principle, 196 
Antibiotics, 668 
and growth, 304 
polypeptide, 110 
Antibodies, 171 
adrenal cortical hormone and, 614 
and y-globulin fraction, 173 
Anticoagulants used in blood analysis, 579 
Antienzyme, definition, 209 
Antigens, 171 
Antigray hair factors, 295, 299 
Antihemophilie globulin, 188 
Antihormones, 638 
Antiketogenic substances, 460, 461 
Antioxidants, 83 f 
Antipernicious anemia vitamin, 302 
Antipodes, 47 
Antiprothrombie substances, 190 
Antiprothrombin, heparin as, 190 
Antirachitie vitamin, 264 
Antiseptics, effects on enzymes, 217 


‘ 


Antisterility vitamin, 272 
Antistiffness factor, 277 
Antithrombin, 189 
Antithromboplastin, 191 
Antithyroid factor in vegetables, 618 
Antivitamins, 652 
Anuria, 506 
Apatite of bone, 135 
of dentine, 138 
A.P.L. (see Anterior pituitary-like hormone ) 
Appetite as nutritional guide, 575 
Apoenzyme, 208 
Apoferritin, 480 
Aqueous humor of eye, 201 
phase of cell, constituents, 130 
Arabans, 66 
Arabinosazone, crystalline form, 53 
p-Arabinose, formula, 49 
specifie rotation, 51 
L-Arabinose, 64 
formula, 48, 64 
specific rotation, 51 
Arachidie acid, 77 
Arachidonie acid, 77, 463 
Arginase, 210 
in urea formation, 371 
Arginine, conversion to proline, 388 
formula, 107 
in urea formation, 371 
metabolism, 388 
Argininosuccinie acid 
372, 373 
Argyrism, 133 
Arteriosclerosis, pyridoxine and, 468 
Arthritis, rheumatoid, treatment, 679 
Aschheim-Zondek test, 523 
Ascorbic acid and ACTH, 628 
and adrenal cortex, 612 
and bone growth, 138 
and tyrosine metabolism, 382 
as coenzyme, 284 
clinical tests, 283 
competitor, 283 
crystalline form, 280 
deficiency effects, 282 
detection histochemically, 146 
effect on intercellular substance, 278 
estimation by tissue saturation, 283 
glutathione and, 284, 352 
heme and, 352 
in adrenal cortex, 611 
in Golgi material, 146 
injury by pasteurization, 282 
mechanism of action, 284 
metabolism of tyrosine and, 352 
occurrence, 278 
oxidation- reduction action, 352 
properties, 282 
quantitative determination, 285 
requirements, 285 
of rats and mice, 283 
storage, 283 
structure, 284 
p-Ascorbie acid, 284 
L-Ascorbie acid, 284 
Ash, food, 323 
of milk, 157 
of nervous tissue, 142 


in urea formation, 
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Asparaginase, action of, in protein metab- 
olism, 370 
Asparagine, formula, 106 
urea precursor, 370 
Aspartic acid, formula, 106 
metabolism, 386 
Aspirin, hydrolysis, 649 
Assimilation, azide and, 360 
chloral and, 360 
dinitrophenol and, 360 
gramicidin and, 360 
Ass milk, composition, 149 
Asymmetric carbon, 46 
A.T. 10, action on blood calcium, 477 
Atabrine, inhibition of oxidative enzymes 
by, 360 
Atherosclerosis, cholesterol and, 467 
diet in, 325 
ATP, 416 (see also Adenosine triphosphate) — 
ATPase, 144 
Atwater-Rosa-Benedict calorimeter, 555 " 
Aureomycin, 672 
formula, 673 
Autocatalytie activation, 217 . 
Autointoxication, 252 a 
Autolysis, 216 x. 
Automobile exhaust gas, content of CO, 181 _ 
Avidin, 676 
relation to biotin, 298 ! 
Avitaminoses (see under respective vitamins, 
deficiencies ) 
multiple, 306 
subacute, 306 
Avogadro’s law, 35 
Azide, 360 





ee hd 


amy 


B 


B bile, sediment, 242 
Babcock method, 156 
Bacitracin, 110, 673 
Bacterial synthesis of vitamin K, 276 
toxins, explanation, 359 
Barfoed’s test, 52 
Basal metabolic rate in obesity, 570 
metabolism, 560 z 
adrenal gland and, 568 
calculation of rate, 564 
conditions with high, 569 
with low, 569 
determination by closed cireuit system, 
562 
by open circuit system, 561 
direct determination, 560 
fevers and, 568 
in Addison’ s disease, 568 
indirect determination, 561 
influence of age, 567 


Vie latins p= 


of menstruation, 567 

of pregnancy, 568 

of race, 567 

of sex, 567 a 

of size, 566 ne 

of surface area, 566 ; 

of thyroid, 617 fa 
normal influences, 566 


limits, 569 
pathological influences, 568, 569 
relation to body weight, 566 


sal metabolism—Cont’d 
thiouracil, effect of, upon, 569 
thyroid conditions and, 568 
sic foods, 325 | 
ins, composition, 703 
af, composition, 695 
xtract, 144 
nuscle proteins, composition, 120 
nee- Jones protein, 527, 593 
and blood globulins, 593 ; 
1edict-Roth apparatus for B.M.R., 562 
nedict’s qualitative test, 52 
juantitative reagent, 52 
izaldehyde, oxidation, 645 
uzene, oxidation, 645 
azidine test for blood, 203 
izoic acid, conjugation, 646, 648 
*“detoxication,’’ 520 
from benzaldehyde, 645 
in foods, 323 
Benzpyrene, carcinogen, 665 
izpyrene, carcinogenic agent, 664, 665 
izyl chloride, conjugation, 647 
iberi, different types, 286 
ymptoms, 286 
‘ries, composition, 693 
a oxidation, 455 
xidation-condensation, 457 
aine as methyl donor, 390 
n transmethylation, 392 
ipotropic, 452 
rerages, carbonated, composition, 698 
ood value, 327 
e acids from cholesterol, 466 
nd derivatives in urine, 529 
omparison of bladder and liver, 236 
omposition, 236 
oncentration by gall bladder, 235 
unctions, 241 
n fat absorption, 447 
igments, description, 236 
formation, 236 
in blood, factors increasing, 597 
normal and pathological, 596 
origin, 236 
role of ascorbic acid, 352 
scheme showing formation, 239 
alt-fatty acid complexes, 240, 447 
alts, activation of lipase by, 240 
and absorption of vitamins, 240 
and cholesterol, 241 
and intestinal motility, 241 
anticoagulating action, 191 
choleretiec action, 241 
composition, 238 
effect on surface tension, 240 
functions, 240 
stimulating bile secretion, 235 
ecretion and, characteristics, 235 
lary drainage, 243 
irubin, 236 
iverdin, 236 
assay, 255 
chemical antagonism, 649 
chemistry, definition, 17 
logical catalysts, 206 
lements, classification of, 19 
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Biotin, 298 
and oxybiotin, 653 
deficiency, symptoms, 298 
fatty livers caused by, 453 
function, 298 
(methyl ester), crystalline form, 281, 282 
occurrence, 298 
procarcinogenic action, 666 
properties, 298 
structure, 298 
Biscuits, composition, 686, 689 
Biuret from urea, 516 
test, 103 
Blacktongue, 291 
Bleeding time, method of determination, 191 
Blood(s), 164 
albumin:globulin ratio, 592 
albumins, normal and pathological, 591 
amino acids, normal and pathological, 587 
bile pigments, normal and pathological, 
596 


buffer reactions, 544, 545 
systems, 543 
calcium and phosphorus, normal and path- 
ological, 593 
changes in chemical composition, 577 
chemistry, 577 
chloride, normal and pathological, 594 
cholesterol, normal and pathological, 587 
clots, lysis of, 194 
coagulation, 184 
outlines of process, 185, 190 
prevention of, 166 
preventives, explanation of action, 191 
color index, 590 
compatible and incompatible, 197 
composition of normal human, 578 
creatinine, normal and pathological, 586 
defibrination, 166 
determination of specific gravity, 166 
enzymes in, normal and pathological, 598 
fibrinogen, normal and pathological, 591 
site of formation, 169 
functions, 164 
of proteins, 170, 172 
general composition, 165, 577 
globulins, 591 
glucose, normal and pathological, 580 
group A factor of gastric mucosa, 102 
groups, 197 
hemoglobin estimation, 167 
normal and pathological, 589 
human, dissociation curves, 536 
in feces, 253 
inorganic ions of, 174 
iodine, normal and pathological values, 
595 
medicolegal tests, 203 
nonprotein nitrogenous constituents, 582 
nitrogen, total, normal amount, 582 
pH of, 166 
constancy, 543 
methods of determination, 596 
physical characteristics, 166 
plasma, 165, 167 if 
earbon dioxide combining power, 5995 
chemical composition, 493) 
lyophile process of preservation, 199 
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Blood plasma—Cont’d 
potassium, 594 
protein estimation, 168 
sodium, 594 
specific gravity, 167 
platelets, 184 ; 
pressure, effects of amines on, 251 
lowering substances in kidney, 661 
problems of analysis, 578 
proteins, functions, 170, 172 
normal and pathological, 589 
site of formation, 169 +t a 
red cells, formation and composition, 175 
number of, 165 
sedimentation rate, 167 
serum, 165 
icteric index, 597 
specific gravity, 166 
falling drop method, 167 
substitutes and substitution, 196, 198 
sugar, 414 
constancy of level, 415 
variations, normal, 415 
transfusion, 196 
urea, factors which increase, 583 
normal and pathological, 583 
uric acid, normal and pathological, 584 
viscosity of, 166 
white cells, number and composition, 184 
B.M.R., 560 
Boas test meal, 228 
Body fluids as dialysates, 201 
as true secretory products, 201 
electrolyte content, 491 
general distribution, 489 
human, pH of, 25 
water, 491 
weight, power function for metabolism 
standard, 566 
Bone, ash, 135 
citrate in, 136 
collagen in, 135 
composition, 135 
diseases and urinary phosphorus, 513 
blood phosphatase in, 598 
enzymes in, 135 
formation, 136 
Serum calcium and phosphate, 593 
vitamin A and, 262 
growth, hormone control of, 138 
vitamin control of, 138 
in rickets, 268 
marrow, 138 
salts, general formula, 135 
water content of, 18 
Boyle’s law, 35 
Brain, human, composition of, 141 
injuries, blood sugar following, 581 
Bread, composition, 686 
Bright’s disease, diet, 334 
Brombenzene, conjugation, 647 
Bromine, absorption, 485 
action, 485 
distribution, 485 
elimination, 485 
metabolism, 484 
occurrence, 484 
Bromism, 484 





p-Bromphenylmercapturie acid, 647 
Brownian movement, 32 
Buchner, 60 
Buffalo milk, composition, 149 
Buffer(s), 24 
of blood, 543 
of body fluids, 545 
solutions, standard, 685 
Burns, blood chloride following, 595 
sugar following, 582 
effects and treatment, 200 
parenteral feeding, 406 
Butter, composition, 160, 161, 689 
production, 160, 161 
Buttermilk, cultured, 161 
production and food value, 161 
Butyrie acid, 77 


C 


Cadaverine, formation, 250 
Caffeine, occurrence and fate, 402 
Cake, composition, 686 
Caleiferol, 477 
Caleium, absorption, 474 
and phosphorus, blood, normal and patho- 
logical, 593 
in rickets, 476 
ratio in food, 477 
regulation, parathyroid and, 619 
antagonism to potassium, 487 
blood and tetany, 475 
regulation, 475 
carbonate ealeuli, 531 
distribution in blood, 593 
excretion, 474 
functions, 474 
ions, blood coagulation, 187 
in foods, 321 
magnesium relationships, 478 
metabolism, 474 
oxalate caleuli, 531 
phosphorus metabolism, parathormone and, 
477 
vitamin D and, 477 
requirement, 475 
serum, diffusible and nondiffusible, 593 


*Caleuli, biliary, 241 


salivary, 221 
urinary, 530 
diet, 334 

Caloric requirements, total, 573, 575 

values of carbohydrate-fat mixtures, 559 
Calorie, large, definition, 554 
Calorimeter, Atwater-Rosa-Benedict, 555 

bomb, 554 ‘ 
Calorimetry, direct and indirect, 555 
Camel milk, composition, 149 
Cancer, coal tar and, 664 

prostatic, phosphatase in, 598 

relation of steroids to, 638, 664 : 
Candies, composition, 698 
Canning of foods, 330 
Ca:P, 476 
Ca-P product, serum, significarice of, 594 
Ca-paracaseinate, 101 i 
Caprice acid, 77 
Caproie acid, 77 . 


Carbaminohemoglobin, 537 
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‘arbamyl ea acid in urea formation, 
2 
‘farbhemoglobin, 83 
‘arbohydrases, action, 210 
‘arbohydrate(s), 44 
absorption, 413 
action of yearning microorganisms upon, 
47 
ealoric value, 554 
catabolism, pathways, 429 
classification, 44 
conversion to fat, 420 
definition, 44 
derivatives, 72 
elementary composition, 44 
from protein, 319 
general path, 414 
in foods, 319 
in proteins, 102 
metabolism, abnormal, 431 
aerobic, 429 
diagram of, 418 
historical, 412 
influence of glands other than pancreas, 
441, 442 
in heart muscle, 429 
in muscle contraction, 421 
in nervous tissue, 430 
potassium and, 488 : 
somatotrophic hormone and, 626 
of mucins, 102 
of nervous tissue, 141 
of skin, 133 
radioactive, production of, 73 
respiratory quotient, 556 
Jarboligase, action, 211 
Sarbon, asymmetric, 46 
dioxide, carriage, 537 aa 
combination with hemoglobin, 183 
combining power, method, 549 
of blood plasma, normal and ‘patho- 
logical values, 595 
concentration in expired air, 
mally, 541 
normally, 541 
deficit, primary, 550 
excess, primary, 550 
fixation, 417, 542, 559 
flow of, in relation to partial pressures, 
535 
formation, 356 
from cholesterol, 466 
glycogen formation from, 417 
origin, 427 
utilization in animal tissues, 542 
monoxide, chemical tests, 181 
effect of increasing concentrations, 181 
hemoglobin, 181 
absorption spectrum, 176 
occurrence, 181 
poisoning, 181 
treatment, 182 
Carbonic anhydrase, action, 211 
and chloride shift, 539 
and gastric HCl, 225 
and pancreatic HCO,, 231 
erystallized, 208 
inhibitor, 679 


abnor- 





Carbonyl hemoglobin, 181 
Carboxyhemoglobin, 181 
Carboxylases, action, 211 
Carboxy-peptidase, pancreatic, action, 232 
Carboxypolypeptidase, crystallized, 208 
Carcinogens, relation to cholesterol, 664 
to sex hormones, 665 ~ 
Cardiolipins, oceurrence and structure, 92 
Cardiovascular disease, thiamine deficiency 
in, 289 
Caries, dental, 139, 661 
cause, theories, 661 
fluoride and, 484, 662 
Carnosine, 389 
in muscle, 146 
Carotene, absorption, 259 
and vitamin A, 257 
conversion to vitamin A, 259 
excretion, 264 
rancid fats and, 464 
secretion, 264 
storage, 264 


_ B-Carotene, formula, 258 


Carriers, phosphate, three groups, 355 

Cartilage, composition, 134 — 

Casein, 101 ; ; 
composition, 120 A e.* 
digestion by pepsin, 227 

by rennin, 227 aang RPh 
digests, parenterally fed, 406 . 
not a single protein, 155 
precipitation from milk, 101 

of, by enzymes and by acid, 155 
properties, 154 , 

Catabolism, 342 

Catalase(s), action, 211, 353 
erystallized, 208 

Catalyst, definition, 206 

Cataphoresis, 31 

Cataracts, 116 

Cathepsins, 216 , 

Cation exchange zeolite, 125 

Cationic detergents, 82 

Celiac disease, diet in, 333 

from lack of vitamin D, 270 

Cell, 128 
constituents of, 19 
fluid, chemical composition, 493 
liver, diagram, 129 ~ ; 
membrane, 128 . 

Cellobiose, 70 

Cellulose, occurrence and properties, 70 
protozoa and, 70 

Cephalic phase of gastric secretion, 223 

Cephalins, decomposition in large intestine, 

251 
occurrence and properties, 91 
thromboplastic action, 187 
type formulas, 91 

Cereals, composition, 687 

Cerebrosides, 93 ay, 

Cerebrospinal fluid, characteristics and com- 

position, 201 

Cerumen, composition, 132 

Chain reactions, biological oxidations, 350 

Chalones, 601 iw 

Chaulmoogrie acid and chaulmoogra oil in 

leprosy, 77 
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Charles’ law, 35 
Cheeses, 161 
composition, 160, 689 
Cheilitis, 289 
Chemical control in diabetes, 439 
structure and biological phenomena, 642 
Children, total metabolism of, 574 
Chloral hydrate, actions, 360 
reduction, 646 
Chloramphenicol, action, 672 
structure, 672 
Chlorbenzene, conjugation, 647 
Chloride, biood, normal and_ pathological, 
594 
shift, 538 
diagram, 540 
urinary, 513 
Chlorine, functions, 487 
in foods, 322 
metabolism, 486 
Chloromycetin (see Chloramphenicol ) 
Chlorosis, 195 
color index, 590 
Chlortetracycline, 672 (see also Aureomycin) 
Chocolate and cocoa, composition, 699 
Cholagogues, 235 
Cholecystokinin, 235, 602 
Choleglobin, ascorbie acid and formation of 
352 
Cholereties, 235 
Cholesterol, absorption, 465 
and ACTH, 628 
and fatty livers, 453 
biliary, sources, 241 
blood, free and ester, ratio, 588 
influence of diet, 588 
normal and pathological, 587 
content of foods, 336 
crystalline form, 88 
digitonide, 88 
distribution in blood, 588 
esterase, pancreatic, 234 
excretion, 466 
formula, 87 
in adrenal cortex, 611 
in fatty acid transport, 449 
in milk, 157 
Liebermann-Burehard reaction, 88 
metabolism, 465 
muscle, 144 
nervous tissue, 141 
occurrence and properties, 87 
phospholipid ratio and sedimentation rate, 
167 
precursor of bile acids, 466 
relation to carcinogens, 664 
Salkowski reaction, 88 
sources, 466 
Chole acid, 238 
precursor of methyleholanthrene, 664 
Choline, 304 
and cystine in hepatic cirrhosis, 406 
antagonist, 652 
as methyl donor, 390 
deficiency, effects, 304 
formation in large intestine, 251 
formula, 304 


I 








Choline—Cont ’d 
from acetylcholine, 142 
lipotropic, 305, 452 
occurrence, 305 
Cholinesterases, action, 210 
physiological role, 142 
Chondroalbuminoid, 134 
Chondroitie acid (see Chondroitin sulfurie 
acid ) 
Chondroitin sulfurie acid, 73 
from mucoids, 134 
from tendomucoid, 102 
hydrolytic products, 134 
Chondromucoid, 134 
Chorionic gonadotrophin, 631 
Chromatogram, 42 
two dimensional, 124 
Chromatographie analysis of amino acids 
125 
Chromatography, 42 
Chromogens, urinary, 505 
Chromoproteins, 97 
Chronic carbon monoxide poisoning, 182 
Chylomicrons, 449 
Chyluria, 525 
Chyme, reaction, 230 
Chymotrypsin, action of, 232 
crystalline form, 209 
crystallized, 208 
Chymotrypsinogen, 231 
crystallized, 208 
Circulatory disturbances, blood urea in, 583 
diet, 335 
Cirrhosis, liver, cystine and choline in, 406° 
electrophoretic pattern, 173 
Cis and trans forms of fatty acids, 77 
Cis-aconitie acid, 426 
Cis retinene, 263 
Cis vitamin A, 263 
Citrate(s), anticoagulating action, 166, 191 
in bone, 136 
in urine, 522 
synthesis, 297 
Citrie acid, 426 
cycle, 426 
scheme, 426 
Citrovorum factor, 301 
Citrulline, formula, 107 
in urea formation, 372 
Clark and Lubs buffer standards, 685 
Cleavage enzyme, 458 
Clinical applications, recent, 656 
control in diabetes, 439 
Clotting, blood (see Coagulation) 
milk, 155 
time, methods, 191 
Clupanodonie acid, 77 
CoA, 426, 427 (see also Coenzyme A) 
Col, 426, 427 : 
Coll, 427 
CO, (see Carbon dioxide) 
Coacervation, 32 
Coagulation, 115 
blood, 184 
four categories, 185 
prevention, 166, 185 
points of proteins, 115 
time, methods of determination, 191 







Oagulum, 115 
oal tar and cancer, 664 
obalamine (see Vitawin Bi) 
obalt, constituent of vitamin By, 486 
effects of deficiency, 485 
occurrence, 486 
relation to copper, 486 
obra venom, 90 
ocarboxylase, 288, 427 
in nervous tissue metabolism, 427 
penzyme(s), 217 
A, 218, 674 
‘acetyl, with energy-rich bond, 354 
and acetylations, 296 
and alloxan diabetes, 436 
and pantothenic acid, 296 
in fatty acid metabolism, 458 
in oxidative decarboxylations, 357 
structure, 296 
F217 
structure, 347 
IT, 218 
structure, 347 
definition, 208 
first isolated, 207 
in physiological oxidations, 346 
pyridoxine as, 295 
factors, plasma, for heparin, 189, 190 
lamine, formation, 251 
ld for food preservation, 329 
inhibiting blood coagulation, 166 
lagen, bone, 135 
cartilage, 134 
digestibility, 133 
»ecurrence, 100 
properties, 100, 133 
lloid(s), 30 
Brownian movement of, 32 
electrical charges on, 31 
sold test, types of reactions, 201 
yophilic, 31 
yophobie, 31 
srotective action of, 33 
‘salting out’’ of, 33 
stability of, 32 
surface reactions of, 33 
[Tyndall effect of, 32 
ypes of, 31 
loidal osmotic pressure, 
cance of, 169 
articles, removal of, 30 
size of, 30 
olutions, preparation of, 31 
tate, 30 
or index of blood, 590 
ostrum, characteristics, 148 
nbined HCl, 229 
nmon ion effect, 25 , 
npensated- acidosis or alkalosis, 548 
npound E, formula, 608 
', formula, 608 , 
icentration tests for renal function, 507 
idensing enzyme, 427 
idiments, 325 
omposition, 699 ; 
ditioned vitamin deficiencies, 309 
e pigments, need for vitamin A, 264 
jugase, folic acid, 301 


blood, 
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Conjugation, detoxication by, 646 
following oxidation, 644 
Connective tissues, 133 
Conservation of matter and energy, laws, 


552 
Contaminant elements of tissues, 19 
Contractile phase of muscle contraction, 
421 
Cooking as aid to digestion, 219 
Copper and glutathione, 352 
daily loss, 482 
in enzymes, 208 
metabolism, 482 
requirement, 482 
sulfate method for 
blood, 166 
Coprosterol, 89, 246, 466 
Cori ester, 60 
Corn diet and pellagra, 291 
gluten, composition, 120 
Corpus callosum, composition, 141 
luteum hormone, 633 
Corticosterone, 608 
Cortisone, effect on water-salt movement, 
501 
formula, 608 
in rheumatoid arthritis, 679 
partial synthesis of, 679 
side effects, 680 
Cow’s milk, composition, 149 
inorganic. salts of, 157 
vitamins of, 158 
Cozymase, structure, 347 
Crackers, composition, 688 
Cream, composition, 160, 689 
Creatine, amount in muscle, 146 
and creatinine metabolism, 393 
biosynthesis, 395 
content of muscle, 393 
excretion, 393 
feeding experiments, 394 
formation of, 396 
formula, 145, 393 
glycine ‘and, 377 
in muscle extractives, 145 
in transmethylation, 391 
muscle function, 395 
occurrence and excretion, 393 
phosphate, formula, 145 
in heart muscle, 430 
in muscle contraction, 422 
with energy-rich bonds, 354 
urinary, 519 
Creatinine, amount eliminated, ac 
blood, normal and pathological, ! 
prognostic value, 587 
coefficient, 395 
feeding experiments, 394 
formula, 145, 393 
occurrence, 395 
output, relation to muscle, 395 
urinary, 519 
Crenated cells, 38, 175 ; 
Cresol formation in large intestine, 249 
Cretinism, 616 
Cry ptorchidism, testosterone in, 636 
Cryptoxanthine, 257 
Crystalloids, 30 


Specific gravity of 
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Curd(s) and whey, 161 : 
mekren of goat’s and cow’s milk, 149 
Cyanide poisoning, treatment, 183 
Cyanomethemoglobin, 183 
Cycle, glucose-glycogen-lactate, 417 
Cyclopentanoperhydrophenanthrene, 85 
Cyelophorase system, 358 
and mitochondria, 345 
Cystamine formation, 249 
Cystathionine from methionine, 386 
Cysteine and alloxan diabetes, 435 
conjugating agent, 647 — ' 
decomposition in large intestine, 249 
formula, 106 
metabolism, 384 
Cysteinsulfinie acid, 384 Rael ; 
Cystine and choline in hepatic cirrhosis, 406 
and fatty livers, 452 
ealeuli, 531 
formula, 106 
metabolism, 384 
Cystinuria, 384, 531 
Cytochrome(s), a, b, and ¢, 349 
c, properties, 349 
in physiological oxidations, 349 
oxidase, 350 
cellular localization, 345 
inhibition by atabrine, 360 
reductase, inhibition by atabrine, 360 
Cytoplasm, nucleoprotein of, 130 
Cytosine, formula, 398 


D 


Dairy products, composition, 160, 689 
Dalton’s law, 36 
p-Amino oxidase, flavin in, 348 
Dark adaptation, 263 
relation to vitamin A, 260 
Deamination, 370 
in large intestine, 249 
Débridement, enzymatic, 678 
Decarboxylase, coenzyme for, 295 
inhibition by structural analogue, 653 
Decarboxylation, four components, 357 
in large intestine, 249 
oxidative, 356 
Defibrination, blood, 166 
explanation of action, 191 
Dehydration, 498 
blood proteins in, 593 
urea following, 584 
pathological, 498 
treatment, 502 
viscosity of blood in, 41 
Dehydroascorbic acid, diabetogenic 
436 
glutathione and, 352 
Dehydro-L-ascorbie acid, structure, 284 
7-Dehydrocholesterol and vitamin D, 89, 
266 
formula, 89 
occurrence, 89 
Dehydrogenase, 423 
action, 211 
and DPN, 458 
and FAD, 458 
and riboflavin, 290 


action, 








Dehydrogenase—Cont ’d 
cellular localization, 345 
fumaric, flavin in, 348 
in physiological oxidations, 346 
Dehydroglucoascorbie acid, diabetogenic a: 
tion, 436 
11-Dehydro-17-hydroxycorticosterone, fo 
mula, 613 
in rheumatoid arthritis, 679 ; 
Dehydroisoascorbie acid, diabetogenic a 
tion, 436 
Denaturation, 115 / 
Denatured globin-ferroheme, 239 
Dental caries, 139, 661 
vitamin D and, 270 
Dentine, composition, 138 
water content of, 18 
Depancreatization, experimental 
433 
Depilatories, 99 
Depot fat, 450 
Derivatives, carbohydrate, 72 
Derived proteins, 97 
Desaminase, nuclein, action, 210 
Desaturation of organic acids, 455 
Desmolases, action, 211 
Desoses, 54 
Desoxycholic acid as precursor of methy 
cholanthrene, 664 
Desoxycorticosterone and NaCl reabsorp 
tion, 497 
effect on water-salt movement, 501 "4 
formula, 608 


effects of, 610 
Desoxypyridoxine, antagonist to pyridoxine, 
652 









diabet 


de 


2-Desoxy-D-ribose, formula, 64 
Desoxyribose nuclei acid, 397 
Desoxy sugars, 54 
Desulfurase, cysteine, 384 
Detergents, ‘‘nonsoap,’’ 81 
therapeutic use, 241 
Detoxication, 643 
by oxidation, 644 
mechanisms, types, 644 
Deuterium, 20 
Dextran as blood substitute, 198 
formation and properties, 69 
Dextrins, properties, 68 
specific rotation of, 51 
Dextrorotation, 50 
Dextrose, 61 
Diabetes, alloxan, 435 
insipidus, 621 
urinary volume in, 506 
mellitus, blood chloride in, 595 
cholesterol in, 588 
sugar in, 580 
carotene in, 261 
diet, 336 
glucosuria, 524 
ketosis in, 459, 461 
relation of pancreas to, 433 
symptoms, 432 
treatment, 438 
vitamin administration in, 440 
renal, 432 
water and salt movement, 500 


: ie 
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Mabetie acidosis, influence on extracellu- 
lar fluid, 498 
coma, 459 
iabetogenic action of anterior pituitary, 
442, 626 
substances, 436 
Miacetic acid (see Acetoacetic acid) 
Mialysates, body fluids as, 201 
alysis, 31 
Mamox, clinical use, 679 
Miaphorase, flavin in, 348 
iarrhea, blood chloride following, 595 
and urinary phosphorus, 513 
water and salt loss, 500 
Mastase, first enzyme preparation, 206 
urinary, in pancreatitis, 523 
.2,5,6-Dibenzpyrene, a carcinogen, 665 
.6-Dichlorobenzenone indophenol in vita- 
min C assay, 283 
icumarol as preventive of thrombosis, 193 
formula, 194 
structural analogue to vitamin K, 651 
et, effect on urine reaction, 510 
incomplete, 338 
mineral elements, 473 
preoperative, 337 
therapy, 331 
unbalanced, 338 
ietary allowances, recommended, 325, 326 
iethylstilbestrol, formula, 635 
iffusion, 36 
igestion, 219 
cooking as aid to, 219 
enzymes as aid to, 219 
gastric, 222 
in small intestine, 230 
mastication as aid to, 219 
of denatured proteins, 116 
salivary, 222 
iglycerides, 233 
ihydrocholesterol, 466 
ihydrosphingosine, 92 
ihydrotachysterol, action on 
cium, 477 
ihydrotheelin, 632 
ihydroxyacetone, 44 
phosphate, 423 
5-Dihydroxyphenylacetic acid, 381 
4-Dihydroxyphenylalanine in skin, 133 
5-Dihydroxyphenylpyruviec acid, 381 
ihydroxystearic acid, 77 
liodotyrosine, 108 
formula, 615 
3-Diketo-L-gulonie acid, relation to 
corbie acid, 284 
ilution secretion, gastric, 226 
tests for renal function, 507 
initrofluorobenzene, 117 
initrophenol, 360 
phosphocreatine and, 360 
inucleotide, flavin, 348 
ipeptidase, intestinal, 234 
specificity of, 212 
3-Diphosphoglyceraldehyde, 423, 424, 425 
}-Diphosphoglyceric acid, 423, 424, 425 
phosphoglycerie dephosphorylase, 423 
phosphoinositide, 91 


blood eal- 


L-as- 











Diphosphopyridine nucleotide, 217 
Diphtheria, antibody to, 643 
toxin, 173 : 
Dipolar form of amino acids, 112 
Disaccharides, 45, 64 
structure, 58 
Dispensable amino acids, 121 
Dispersed phase, 30 
Dispersion medium, 30 
Dissociation constant, 22 
curves of human blood, 536 
Diuresis, 497, 506 
blood urea following, 584 
Diuretics, mechanism of action, 498 
LIND i217 
D:N ratio, 319, 375 
Donnan equilibrium, 39 
Dopa in skin, 133 
Douglass method for B.M.R., 561 
DPN and LTPP, 428 
Drugs conjugated with glucuronic acid, 648 
Drying of foods, 329 
Duodeno-biliary drainage, 243 
Dwarfism, pituitary, 623 


E 


Ear wax, composition, 132 
Eclampsia, bile pigments and blood in, 597 
blood urie acid in, 586 
Eezema, fat metabolism in, 463 
Edema, 273 
causes, 170 
in thiamine deficiency, 286 
Edestin, 99 
composition, 120 
Egg albumin, composition, 120 
composition, 699 
white injury, relation to biotin, 298 
Ehrlich’s test for urobilinogen, 530 
Ehrmann test meal, 228 
Elaidie acid, a trans form, 77 
Elastin, digestibility, 134 
in cartilage, 134 
occurrence and properties, 100, 134 
percentage composition, 120 
Electrical charges on colloids, 31 
Electrolyte content of sea water, 164 
metabolism, pathologic, 498 
of body fluids, 491 
of gastrointestinal secretions, 500 
Electrophoresis, 30, 113 
in blood plasma analysis, 199 
of nucleoproteins, 101 
pathological plasma, 173 
Electrophoretic analysis of blood plasma, 
171 
pattern of human plasma, 172 
Eleidin, 132 
Elément constant, 140, 450 
variable, 140, 450 ; 
Elements, biological, classification of, 19 
in protoplasm, 19 
Elution, 42 
Emboli, 193 } ; ‘ 
Emulsifying system, optimal for fat, 233 
Emulsin, specificity of, 212 


“4 
bo 
bo 


Emulsions, definition, 41 
of fats, 78 
Emulsoids, 31 
Enamel, mottled, 483 
of teeth, composition, 138 
End points of titrations, 29 
Endergonic reactions, 342 
Endogenous metabolism, 369, 519 
Energy, biological unit, 354 
metabolic factors, applications, 359 
metabolism, 552 
production, 353 
relationships, 342 
release, 355 
requirements, human, 314 
transfers during thriose catabolism, 355 
in muscle contraction, 424 
utilization, 353 
value, food, caleulation, 315 
Energy-rich phosphate bonds, 354, 422 
Enolase, 423 
Enrichment of flour, 324 
Enterocrinin, 234, 602 
Enterogastrone, 224, 602 
Enterokinase, action, 234 
Enzymatic débridement, 678 
Enzyme(s), 206 
action, Bayliss’ hypothesis, 207 
factors influencing, 212 
influence of concentration of enzyme, 
212 
of substrate, 213 
of hydrogen ion concentration, 213 
of light, 215 
of reaction products, 215 
of temperature, 214 
of various physical factors, 215 
Michaelis’ hypothesis, 207 
optimum pH, 213 
reversibility, 215 
synthetic, 215 
theories, 207 
activators, 216 
antiseptics, effects of, 217 
as aid to digestion, 219 
blood, normal and pathological, 598 
carbohydrate metabolism, 210 
cell, 131 
chemical nature, 208 
chemistry, history, 206 
classification, 210 
concentration of, adsorption method, 207 
salting-out method, 208 
condensing, 427 
crystalline forms, 209 
list of, 208 
definition, 206 
demonstrable by histochemical methods 
146, 668, 669 ; 
gastric, 22 
heavy metals in, 208 
in bone formation, 136 
in bones, 135 
in milk, 158 
in urine, 523 
in activators of, 216 
inhibitors, 216 
clinical use, 679 
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Enzyme(s)—Cont’d 
intestinal, 234 
methods of preparation, 207 
mucolytic, 676 
of intestinal juice, 234 
pancreatic, 231 
relation to carcinogenesis, 666 
respiratory, 246 
salivary, 221 
specificity, 211 
terminology, 208 
tumor tissue, 666 
yellow, 348 
riboflavin in, 290 
Epidermal tissues, 132 
Epilepsy, diet, 337 
glutamic acid in, 406 
Epinephrine, 604 
applications in medicine, 606 
effects, 605 
on B.M.R., 606 
formula, 604 
hormonal relationships, 605 
oxidative deamination, 644 
preparation, 604 
properties, 604 
relation to adrenal cortex, 612 
stereoisomers, 604 
sympathomimetic action, 642 
Epithelial structures, vitamin A and, 26 
Equilenin, formula, 632 
Equilibrium constant, 22, 342 
Equilin, formula, 632 
Erepsin, 232 
Ergosterol, formula, 89 
irradiation, 265 
occurrence and relation to vitamin D, § 
Ergothioneine, 384 
Erythroblastosis fetalis, 198 
Erythrocytes (see Red blood cells) 
Erythrodextrin, 67 
Erythrose, 45 
b-Erythrose, formula, 49 
L-Erythrose, formula, 48 
Erythrulose, 45 
Essential amino acids (see Amino acids, i 
dispensable ) 
fatty acids, 84, 463 
of foods, 320 
relation to vitamin B,, 84 
Ester phosphate, energy of, 354 
Esterase, pancreatic, 233 
Esterases, action, 210 
Estradiol, 630 
formula, 632 
therapeutic uses, 634 
various effects of, 634 
Estrane, formula, 86 
Estriol, formula, 632 
Estrogens, 632 
Estrone, 631 
formula, 632 
Ethanolamine in transmethylation, 391 
from serine, 379 
of cephalins, 91 
Ethyl alcohol, metabolism, 559 
mercaptan formation, 249 
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Etiocholane, formula, 86 
Ewald test meal, 228 
Excelsin, 99 
Excretory function of saliva, 221 
Exerogonie reactions, 342 
Exogenous metabolism, 369, 519 
Extracellular Ee | chemical composition 
493 

Extract of beef, 144 
Extractives, 143 

muscle, 144 
Extrinsic factor for production of hemo- 

poietic principle, 196 
vitamin B,. identical with, 302 

Exudate(s) Pose ante: characteristics 

pneumonia, chloride movement, 515 
Eye, aqueous humor, pH of, 25 

conditions ee vitamin A deficiency, 

riboflavin deficiency, 290 
spectacled, 295, 298 


, 


, 


FP 


Factor(s) R, 8, and U, 300 
X, 303 
Falling drop method, 167 
Fat(s), 75 
absorption, 446 
acetyl number, 84 
action of intestinal microorganisms upon, 
247 
as stimuli for discharge of bile, 235 
body, in dynamic system, 451 
caloric value, 554 
changes oceurring in liver, 449 
composition, 690 
depot, 140, 450 
diets and food utilization, 572 
emulsifying system for, 233 
emulsions of, 78 
fate in body, 450 
food, flavor of, 78 
formation from carbohydrate, 420 
formulas of, 76 
from carbohydrates and proteins, 448 
hardness, 78 
human, color of, 78 
hydrogenation, 82 
hydrolysis of, 78 
identification of, 83 
in foods, 320 
in urine, 525 
inhibitory influence on gastric secretion, 
224 
iodine number, 83 
metabolism, 446 
outline, 462 
milk, 156 
parenterally, 406 
physical properties, 78 
physiological value, 446 
protoplasmic, 140 
rancidity, 82, 464 
and vitamin E, 273 
Reichert-Meiss] number, 84 
respiratory quotient, 557 





Fat(s)—Cont’d 
resynthesis, 447 
saponification number, 83 
species characteristic, 451 
specific gravity, 78 
storage, 450 
synthesis, vitamins required in, 448 
transport, 448 
type formula, 76 
Fatty acid(s), activating enzyme, 458 
essential, 84, 463 
hydrogenation, 82 
isomerism, 77 
from cholesterol, 466 
milk, 156 
molecular weight and metabolism, 451 
most common, 77 
oxidation, 454 
oxidation, acyl phosphate bond and, 
360 
liver glycogen and, 461 
of unsaturated, 82 
phenyl- substituted, oxidation, 644 
synthesis, 459 
degeneration, 451 
infiltration, 451 
livers in choline deficieney. 304 
Feces, adult’s, composition, 246 
general character, 246 
pH of, 246 
amount eliminated, 246 
blood in, 253 
infant’s, composition, 246 
lipids, 247, 253, 450 
pathological constituents, 252 
sterols of, 90 
Fehling’s test, 52 
Fermentation, 60 
of sugar, scheme of, 61 
yeast, azide and, 360 
Ferments, 206 
Fern poisoning, 288 
Ferritin, description and 
scheme of action, 482 
vasodilator action, 481 
Fertility factor, 272 
Feulgen test for desoxyribose nucleic acid, 
397 


action, 480 


Fever, blood urea in, 583 
diet, 337 
loss of water and salts, 502 
Fiber, 72 
Fibrin formation, 185 
Fibrinogen, 172 
concentration in plasma, 168 
human, molecular weight, 200 
in blood, normal and pathological, 591 
of human plasma, uses of, 199 
properties, 169 
role in coagulation, 185 
Fibrinokinase, 194 
Fibrinolysin, 194, 678 
Filtrate factor, 295 
Fish, composition, 691 
Flame photometer, 594 
Flatulence, 332 
Flavin adenine dinucleotide, 458 
nucleotides, 348 
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Flavoproteins, 130 
in physiological oxidations, 348 
riboflavin in, 290 
structure, 348 
Floceulation, 115 
Floceulum, 115 
Flotation rate, 467 
Flours, composition, 692 
enrichment, 324 
special, composition, 701 
Fluids, body, various, 201 
Fluoride and caries, 484, 662 
anticoagulating action, 191 
as blood coagulation preventive, 166 
Fluorine and teeth, 139 
distribution, 483 
metabolism, 483 
Folie acid, 300 (see also Pteroylglutamic 
acid) 
in treatment of anemias, 196 
structure, 301 
Folic acid-B, mechanism, 304 
Folinie acid, structure, 301 
Follicular hyperkeratosis from vitamin A 
deficiency, 261 
Food(s), 314 
acid- and base-forming properties, 323 
allergy, 330 
basic seven, 325 
beverages, 327 
calcium of, 321 
caloric value, 315 
carbohydrate factor, 319 
chlorine, 322 
composition of various, 686 
energy factor in, 314 
enrichment, 325 
fat factor, 320 
hypersensitivity to, 362 
iodine, 322 
iron, 322 
availability, 480 
lysine low in many, 317 
magnesium, 322 
mineral factor, 321 
phosphorus, 3211, 476 
poisoning, 252 
potassium, 322 
preservation, 328 
protein factor, 315 
quality of protein, 317 
special, composition, 701 
specific dynamic action, 570 
sodium, 322 
and potassium content, 708 
strained, composition, 701 
sulfur, source of, 322° 
tables, description of, 315 
trace elements, 323 
vitamins, 324 


Foodstuffs, effects upon duodenal reaction, 
31 


Formaldehyde reaction with amino 
109 

a-Formyl-isoglutamine from histidine, 388 

Formylkynurenine, tryptophan and, 383 

Frankfurters, composition, 698. 


acids, 
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Free energy change, 342 
Friedman test, 523, 631 
Fructokinase reaction, 440 
a-D-Fructopyranose, formula, 62 
Fructose, absorption, 413 
scheme, 413 
formula, 46, 50, 62 
in seminal plasma, 202 
occurrence and properties, 62 
specific rotation of, 51 
Fructose-1,6-diphosphate, 423 
a-D-Fructose-1,6-diphosphorie acid, 60 
Fructose-6-phosphate, 423 
a-D-Fructose, perspective formula, 62 
a-D-Fructose-6-phosphorie acid, 60 
Fructosuria, 525, 532 
Fruit(s), composition, 693 
juices, composition, 695 
F.S.H., 629 
Fumarase, 427 
Fumarie acid, 426 
from aspartic, 386 
from phenylalanine, 381 
Fumarylacetoacetic acid, 381 
Functional proteinurias, 526 
Furfural derivatives from sugar, 


G 


Galactose, absorption, 413 
D-Galactose, formula, 49, 50 
occurrence and properties, 62 
specific rotation, 51 
L-Galactose, formula, 48 
Galactosuria, 525 
Gall bladder diseases, bile pigments in blood 
in, 597 
diet, 333 
Gallstones, composition and description, 241 
mechanism of formation, 242 
Gangliosides, composition, 93 
Gas(es), intestinal, 246, 332 
laws, 35 
partial pressures, 534 
Gastric achloryhydria, 229 
acidity, factors decreasing, 226 
analysis, 228 
qualitative, 228 
quantitative, 229 
digestion, 222 
history of early experiments, 222 
HCl, 224 
antiseptic action, 226 
lacking in pernicious anemia, 195 
hyperacidity, occurrence, 230 
hypoacidity, oceurrence, 230 
juice, dilution secretion, 226 
enzymes of, 227 
general composition, 223 
secretion, 223 
lipase, 228 
mucus substances, 222 
phase of gastric secretion, 223 
Gastrin, 223, 601 
Gastritis, diet in, 332 
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Gastrointestinal disorders, diet, 332° 
thiamine deficiency in, 289 
secretions, electrolytes of, 500 
Gaucher’s disease, 93, 468 
kerasin in, 93 - 
Gay-Lussac’s law, 35 
Gelatin, 100 
as blood substances, 198 
composition, 120 
digestibility, 133 
inadequacy as protein, 133 
Gels, 31 
Gibbs-Donnan equilibrium, 39 
and body fluids, 201 
Gigantism, 623 
Gliadin, 100 
composition, 120 
Globin-ferroheme, denatured, 239 
Globin-insulin, 439 
Globins, examples, occurrence, 
erties, 96, 100 
Globulin(s), Ae, 187 
and albumins, separation, 99 
antihemophilic, 188 
blood plasma, 169 
concentration in plasma, 168 
examples, occurrence, and properties, 96, 
98 


and prop- 


in blood, normal and pathological, 291 
X, 143 
«Globulin, bilirubin complex, 238 
B-Globulins as antibodies, 643 
of blood, 199 
y-Globulins as antibodies, 643 
of blood, 199 
@,-, a-, B-, and y-Globulins of plasma, 168, 
172 
Glomerulonephritis, acute, diet, 333 
blood urea in, 583 
chronic, diet, 334 
Glucagon, 436, 581 
Glucoascorbie acid, ascorbic acid competitor, 
2 


Glucokinase, 423 
phosphorylating glucose, 416 
reaction, 440 
Glucolysis, dinitrophenol and, 360 
Gluconeogenesis, 375 
Gluconie acid, 429 
formation, 72 
Glucosazone, crystalline form, 53 
Glucose, absorption, 413 
scheme, 413 
blood, normal and pathological, 580 
commercial, 62 
excretion, 420 
formula, 46 
from amino acids, 376 
in urine, 522 
metabolism, 421 (see also Carbohydrate 
metabolism ) 
nitrogen ratio, 319 
oxidation without phosphorylation, 429 
reabsorption in kidney, 420 
renal threshold, 420 
tolerance tests, 437 
utilization, 420 








b-Glucose, formula, 49, 50 
occurrence and properties, 61 
specific rotation, 51 
L-Glucose, formula, 48, 50 
a-D-Glucose, formula, 57 
perspective formula, 58 
B-b-Glucose, 57 
perspective formula, 58 
Glucose-1-phosphate, 423 P 
Glucose-6-phosphate, 423 
dehydrogenase, inhibition by atabrine, 360 
importance of, 440 
a-D-Glucose-1-phosphorie acid, 60 
a-D-Glucose-6-phosphorie acid, 60 
Glucosides, 56 
Glucosuria, 420, 431, 523 
adrenal medulla and, 432 
alimentary, 431 
in conditions other than diabetes mellitus, 
524 
in kidney conditions, 432 
in pregnancy, 432, 524 
renal, 432 
Glucuronates, 522 
Glucuronie acid, conjugating action, 648 
ester linkage, 648 
formation, 72 
glucosidic linkage, 648 
Glucuronides, 648 
Glutamic acid and epilepsy, 406 
and nervous function, 406 
dehydrogenase, crystallized, 208 
formula, 106 
from histidine, 338 
from proline, 389 
metabolism, 386 
Glutaminase, action and occurrence, 387 
and ammonia formation, 374 
Glutamine, ammonia source, 374 
conjugating agent, 646 
formation, 387 
formula, 106 
from proline, 389 
urea precursor, 370 
y-Glutamyl] radical, importance, 369 
Glutarie acid from lysine, 387 
Glutathione and alloxan diabetes, 435 
ascorbic acid and, 284 
in muscle extractives, 146 
oxidation-reduction action, 351 
structure, 351 
sulfur, origin, 384 
Gluten, corn, composition, 120 
wheat, composition, 120 
p-Glyceraldehyde, formula, 47,00 50 
L-Glyceraldehyde, formula, 47 48, 
Glyceric aldehyde, 44 ; 
Glycerides, formation of pwer, 233 
Glycerol as glycogen forr€?, 41% 
formation, 78 
formula, 78 
nutritive value, 79 
oxidation, 425, 474 
properties, 79 
uses in industry, 79 
p-Glycerose, forniula, 47 





‘ 


L-Glycerose, formula, 47 
Glyceryl trinitrate, formula and uses, 79 
Glycine and heme synthesis, 178 
and serine synthesis, 377 
conjugating agent, 646 
detoxicating action, 377 
formula, 104 
from glycocholic acid, 240 
in myasthenia gravis, 405 ", 
in treatment of musculature conditions, 
377 
metabolism, 377 
oxidase, 377 
physiological uses, 377 
relation to creatine, 377 
Glyeocholie acid, 240 
Glycocoll (see Glycine) 
Glycocyamine, 396 
Glyecogen(s), breakdown, 423 
different, 414 
formation from CO,, 417 
in liver, 415 
from cholesterol, 466 
from 2-C chains, 417 
in brain, 430 
liver, and fatty acid metabolism, 461 
insulin and, 440 
muscle, insulin and, 440 
occurrence and properties, 69 
particulate, 70, 130 
specific rotation, 51 
storage disease, 419 
Glycogenase, 417 
Glycogenesis, 416 
in liver, 415 
in muscle, 419 
Glycogenolysis, liver, 417 
enzymes in, 418 
muscle, 419 
Glycolipids, occurrence and properties, 93 
of nervous tissue, 141 
type formula, 93 
Glycolysis, 421 
Glycolytie enzyme in plasma, 174 
Glycoproteins, examples, occurrence, 
properties, 97 
yeoside(s), 56 
rdiae, 57 


and 


‘tibution and description, 57 
the valley, 57 
: 56 
squill, 
stropha 
Glycosuria, 20, 523 
Glyoxylie ac from glycine, 377 


Gmelin test foNpile pi 
G:N ratio, 375 ule pigments, 236 


Goat milk, 149 


Goiter, simple, and oq; 
fede es dine lack, 483 


Goitrogenie foods, 61 
Golgi apparatus, Niss] ies i 
, » Niss dies in, 1 
; material, ascorbic acit in, 146 es 
Gonadotrophie factors ot anterior pituitary 
9 v3 


Gonadotrophin, chorionic, 631 
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Gout, blood urie acid in, 585 
diet, 335 
urie acid in, 402 
Graham’s law, 36 
Gramicidin, 110, 673 
and energetic reactions, 359 
Granulocytopenia, pteroylglutamic acid in, 
302 


Gray matter, composition, 140, 141 
Growth curves of rats on various diets, 
119 
effect of thiamine, 286 
hormone and insulin, 441 
-promoting substances, in inflammation, 
663 
vitamin B,, and, 304 
Guaiae test for blood, 203 
Guanase, action, 400 
Guanidoacetic acid, 391, 396 
Guanine, fate, 400 
formula, 398 
ribose nucleotide, 399 
Guanosine, 399 
Guanylie acid, 404 
formula, 399 
p-Gulose, formula, 49 
L-Gulose, formula, 48 
Gum arabic,71 


H 


H ion concentration, conversion to pH, 23 
H transport system in glycolysis, 423 
Haif-life, definition, 20 
Hamburger phenomenon, 540 
Hammerschlag’s method, 166 
Hand-Schiiller-Christian’s disease, 468 
Harden-Young ester, 60 
Hardness of water, 80 
HCl, free, gastric, 229 
Heart conditions and vitamin E, 274 
muscle, carbohydrate metabolism, 429 
ventricles, comparative composition, 430 
water content, 18 
Heat control, 554 
loss, central mechanism, 554 
paths, 553 
regulation, 553 
measurement, 554 
processing, effect on proteins, 318 
production in tissues, 553 
relation to body weight and _ surface 
area, 566 
total, 573 
regulation, 552 
role of water in, 18, 168 
Heavy metals, metabolism, 482 
Hematin, 180 
Hematocrit, 198 
Hematuria, 528 
Heme, ascorbie acid and, 352 
chemical structure, 177 
properties, 176 
relation to bile pigments, 236 
sources of N and ©, 178 
synthesis, 178 
Hemicelluloses, occurrence and properties, 
ig 





INDEX 7h 


Hemin, 180 
crystals, 179 
as blood test, 203 
Hemochromatosis, iron in, 480 
Hemochromogen, 180 
Hemofuscin, 479 
Hemoglobin, 176 
absorption spectrum, 176 
blood, normal and pathological, 589 
buffering action, 541 
composition, 120 
crystals, 177 
HCN derivative, 183 
importance in respiration, 536 
method of estimating, 167 
methods of reporting values, 589 
muscle, 144 
reaction with oxygen, 180 
reduced, 177 
relation to bile pigments, 236 
schematic formula, 178 
state of iron in, 179 
Temoglobinuria, 528 
Temolysis, causes, 176 
methods of causing, 175 
Temolytic agents, 175 
infections, bile pigments in blood in, 597 
Temophilia, 188, 532 
character of clot, 193 
coagulation time in, 192 
factor, plasma, 188 
femopoietic principle, 196 
femorrhage, hemoglobin content following, 
590 
in newborn, cause, 276 
replacement of blood, 200 
femosiderin, 479 
fenderson-Hasselbalch equation 
fenry’s law, 35 
feparin, 73, 166 
anti-thrombin action, 189 
nature, sources, action, 190 
preventive of thrombosis, 193 
lepatic disease, amino acid feeding in, 
406 


, 27 


fepatolenticular degeneration, 
482 
leptoses, 45 
fexokinase, crystallized, 208 
phosphorylating glucose, 440 
reaction, 440 
control, 359 
fexosans, 67 
[exose transformed to pentose, 431 
[exosemonophosphorie acid, oxidation, 349 
lexoses, 45 
‘Hexuronie acid,’’ vitamin C, 282 
GF, 581 , 
igh energy bonds formed in tricarboxylic 
acid cycle, 427 
ippuric acid, amount eliminated, 520 
formation, 455, 646 
urinary, 520 
ippuricase, 520 
irudin, 166, 191 
istaminase, 389 ; 
istamine and gastric secretion, 224 
formation, 250, 389 


copper in, 












Histidase, action, 388 
Histidine, decomposition in large intestine 
250 
excretion in pregnancy, 388 
formula, 107 
metabolism, 388 
Histochemistry, 128 
Histones, examples, occurrence, properties, 
97, 100 
Holoenzyme, 208 
Homeostasis, 491 
Homocysteine, 385 
in transmethylation, 391 
Homocystine, 385 
Homogenization of milk, 161 
Homogentisie acid, 380, 381, 505 
Homoserine, formation, 386 
Hordein, 100 
Hormone(s), 601 
antagonists, 638 
anterior pituitary, of carbohydrate me- 
tabolism, 626 
controlling glycogenesis, 419 
defense mechanism, 637 
difference from vitamins, 256 
in urine, 523 
male, 635 
of corpus luteum, 633 
of gastrointestinal tract, 601 
ovarian, 631 
pituitary growth, isolation, 623 
testicular, 635 
thyroid, identity, 616 
trophic, 623 
Houssay animal, 442, 626 
Human beings, vitamin A deficiency in, 260 
milk, comparison with cow’s, 152 
composition, 149 
at different periods, 150 
fat, 156 
inorganic salts, 157 
methods of collection, 152 
vitamins of, 158 
Hyaluronice acid, 73, 677 
composition, properties, action, 678 
hydrolytie products, 134 
occurrence, 102 
Hyaluronidase, 677 
clinical use, 678 
Hydnoearpic acid in chaulmoogra oil, 77 
Hydrases, action, 211 
in fatty acid breakdown, 458 
Hydrazone, D-glucose, 54 
Hydrocarbons, 76 
Hydrochloric acid, factors 
strength of, 226 
gastric, constancy, 224 
functions, 226 
normality, 224 
pH, 224 
secretion, theories, 225 
site, 224 
Hydrogen acceptors, 343 
activation, 346 
carriers, 343 
ion concentration, 22 
determination by electrometrie meth- 
ods, 24 


bf 


decreasing 
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Hydrogen ion concentration, determination— 
Cont’d 
by indicator method, 26 
peroxide, decomposition of, 353 
production, 349 
sulfide formation, 249 
transport mechanism, 350 
Hydrogenation of fats, 82 
Hydrolases, action, 210 
Hydrolysis, detoxication by, 649 
Hydroquinone, 646 
detoxication, 647 
Hydroxyanthranilie acid and nicotinic acid, 
292 
tryptophan and, 383 
Hydroxyapatite in enamel, 138 
B-Hydroxybutyrie acid, a ‘‘ketone body,’’ 
459 
diabetogenic action, 436 
fatty acid oxidation product, 456 
B-Hydroxybutyrie acid in urine, 528 
17-Hydroxycorticoids, significance, 638 
17-Hydroxycorticosterone, formula, 608 
17-Hydroxy-1l-dehydrocorticosterone, — for- 
mula, 608 
3-Hydroxykynurenine, tryptophan and, 383 
3-Hydroxy-1,4-naphthaquinone, antagonist 
to vitamin K, 651 
Hydroxyl ion concentration, 22 
Hydroxyiysine, 107 
p-Hydroxyphenylacetic acid, formation, 249 
p-Hydroxyphenyllactie acid, 381 
p-Hydroxyphenylpropionie acid, formation, 
249 


p-Hydroxyphenylpyruvie acid, 381 
Hydroxyproline, 389 

formula, 107 
5-Hydroxytryptamine, serotin, 661 
Hyperacidity, diet in, 332 

gastric, occurrence, 230 
Hypercholesterolemia, 588 
Hyperchromice anemias, color index in, 590 
Hyperglycemia(s), alimentary, 415 

occurrence, 580 
Hyperglycemic factor, 581 
Hyperkeratosis, follicular, 261 
Hyperparathyroidism, 620 

and urinary caleuli, 530 
Hypersensitivity to foods, 362 
Hypertension and sodium, 489 

diet in, 335 
Hyperthyroidism, 617 
Hypertonic solutions, 37 
Hypoacidity, diet in, 332 

gastric, occurrence, 230 
Hypocholesterolemia, 589 : 
Hypochromie anemias, color index in, 590 
Hypoglycemia, 441 

effect on brain, 430 

occurrence, 581, 582 
Hypophysectomy, results of, 621 
Hypophysis (see Pituitary gland) 
Hypoproteinemia, parenteral feeding in, 405 
Hypotaurine, 384 
Hypotonie solutions, 37 
Hypothyroidism, 616 

and hypoglycemia, 441 
Ilypoxanthine, formula, 398 





i 


Iee cream, composition, 160, 699 
L.C.S.H., 629 
Ieteric index of blood serum, 597 
p-[dose, formula, 49 
t-Idose, formula, 48 
Imidazole, 388 
metabolism, 388 
a-Iminoglutarie acid from glutamic, 387 
Immune bodies, milk, 153 
globulins, human plasma, uses, 199 
Immunological method of demonstrating ab- 
sorption of proteins, 363 
reaction diagnosing species, 203 
substances, 643 
Inactivators of enzymes, 216 
TInborn errors of metabolism, 380, 384, 505, 
531 
Indiean, formation, 521 
Indicanuria, occurrence, 522 
Indicators, 25 
for gastric analysis, 229 
in determining H ion concentration, 26 
table of, 26 
Indigo blue from indican, 521 
Indispensability of amino acids for man, 
121 






Indispensable amino acids, 121 
minimum requirements, 122 
recommended intakes, 122 

Indole acetic acid, formation, 250 

detoxication, 644 
formation, 250 
precursor of indican, 521 
propionic acid formation, 250 
Industrial factors and cancer, 666 
Infants, hypoglycemia in, 582 
iron of, 479 
saliva, amylase, 221 
Infections, blood cholesterol in, 589 
fibrinogen in, 593 
sugar in, 582 
Inflammation, biochemistry, 663 
Influenza, antibody to, 643 
virus of, 173 
Inhibition ratio, 652 
Inhibitors, enzyme, 216 
clinical use, 679 
Inorganic compounds, uses, 472 
constituents of nucleus, 130 
of tissues, 18 
salts, amount excreted, 473 
Inosine, 399 
Inosinie acid, 399 
in musele, 146 
Inositol, 305 
deficiency symptoms, 306 
formula, properties, significance, 145 
lipotropie, 453 
metadiphosphate, 91 
occurrence, 145, 305 
Insect venom, 90 
Insulin, 434 
action, 434, 436 
mechanism, 440, 441 
and alcohol metabolism, 560 
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Insulin—Cont’d 
and glucokinase inhibition, 440 
and heart muscle, 441 
and ketosis, 461 
and protein metabolism, 441 
and somatotrophic hormone, 626 
anterior pituitary relationship, 359 
chemical and physical characteristics, 
602 
composition, 120 
erystalline zine, 603 
effect on blood phosphate, 441 
glycogenesis and, 419 
overdose, effect of, 430 
properties and preparation, 434 
relation to urinary phosphorus, 513 
shock, 438 
in animals, 436 
therapy, 141 
slowly absorbed compounds of, 438 
structure, 116 
sulfur, origin, 384 
treatment of schizophrenia, 430 
unit, 603 
various effects of, 441 
Interstitial fluid, 491 
chemical composition, 493 
Intestinal juice, characteristics and com- 
position, 234 
secretion of, control, 234 
organisms and vitamins, 256 
phase of gastric secretion, 224 
secretion, two types, 234 
Intestine, large, chemical changes within, 
245 
pH of contents, 245 
reaction, 231 
Intracellular fluid, 491 
Intravenous feeding, 405 
replacement solutions, composition, 502 
Intrinsic factor for production of hemopoi- 
etic principle, 196 
Inulin, nutritive value, 71 
occurrence and properties, 70 
Invariable elements of tissues, 19 
Invert sugar, 65 
specific rotation, 51 . 
Invertases, 65 
Iodine, absorption, 483 
amount in blood, 483 
blood, normal and pathological values, 
595 
compounds, thyroid-like properties of, 619 
excretion, 483 
in foods, 322 
lack, simple goiter and, 483 
metabolism, 482 
number, 83 
occurrence in body, 482 
radioactive, as diagnostic agent, 676 
as therapeutic agent, 676 
reaction with polysaccharides, 67 
requirement, 483 
thyroid, 615 
Todobenzene, conjugation, 647 
Todothyroglobulin, 615 
odotyrosine, 108 
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Ton(s) exchange and amino acids, 125 
resins, 41 
in glycolysis and glyeogenolysis, 423 
B-Ionone ring, 257 
Iron, absorption, 479 
amount in body, 478 
and glutathione, 352 
coordination valences, 178 
excretion, 478 
food, availability, 480 
in cytochrome oxidase, 350 
in enzymes, 208 
in foods, 322 
metabolism, 478 
occurrence in tissues, 478 
of cytochrome ec, 349 
recommended allowances, 480 
state of, in hemoglobin and in oxyhemo- 
globin, 179 
Islands of Langerhans, hyperplasia, effect, 
581 
Tsoalloxazine in flavins, 348 
Isocitrie acid, 426 
dehydrogenase, 427 
Isodynamic law, 571 
Isoelectric point(s), 111 
of proteins, 113 
of various amino acids, 114 
peptides, 114 
proteins, 114 
Isoglutamine from histidine, 388 
Isohydric change, 538 
Isoleucine, formula, 104 
metabolism, 378 
Iso-octadecane, 76 
Isosmotie solutions, 37 
Isotonice solutions, 37 
Isotope(s) experiments in ammonia forma- 
tion, 374 
in carbon dioxide utilization, 417, 542 
in creatine metabolism, 395 
in fat metabolism, 448, 455, 457, 458 
in fatty acid synthesis, 459 
in formation of epinephrine, 604 
in heme synthesis, 178 
in pentose metabolism, 431 
in phenylalanine metabolism, 380 
in phospholipid metabolism, 465 
in protein metabolism, 370 
in purine synthesis, 404 
in serine metabolism, 379 
in sulfur metabolism, 385 
in synthesis of amino acids, 407 
in transmethylation, 390, 391 
on cholesterol, 466 
on fat-to-carbohydrate, 462 
on phosphorus in teeth, 138 
on synthesis of steroids, 638 
on thyroid hormone, 615 
on total body water, 491 
tryptophan metabolism, 383 
with cholesterol, 466 
with insulin, 441 
with lysine, 388 
with parenteral fat, 338 
with uric acid, 402 
radioactive, 20 
uses, 676 
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J 
Jaundice, 238 . 
bile pigments in blood in, 596, 597 
blood phosphatase in, 598 
hemolytic, bile pigments in, 238 
blood cholesterol in, 589 
hemoglobin in, 590 
obstructive, bile pigments in, 238 
blood cholesterol in, 589 
toxic, bile pigments in, 238 
Jellies as foods, 328 
Joslin diet in diabetes mellitus, 336 


K 

Kefir, 161 
Kampner diet for hypertension, 336 
Kerasin, 93 

in Gaucher’s disease, 93, 468 
Keratin(s), 132 

digestibility, 100 

‘hydrolysis products of, 99 

occurrence and properties, 99 
Keratohyaline, 132 
Keratomalacia, 260 
a-Ketoadipie acid from lysine, 387 


a-Keto-d-aminovaleric acid from proline, 389 


3-Keto-6-phosphogluconie aeid, 431 
a-Ketobutyrie acid, formation, 386 
Ketogenesis, 459 
regulation, 459 
Ketogenic : antiketogenic ratio, 460 
Ketogenie diet in epilepsy, 337 
factor of anterior pituitary preparation 
627 
substances, 460, 461 
a-Ketoglutarie acid, 426 
from glutamic acid, 387 
from proline, 389 
oxidase, 427 
Ketone bodies, 459 
detection, 529 
in urine, 522, 528 
metabolism, 460 
urinary, normal amount, 529 
Ketonuria, occurrence, 528 
Ketoses, 44 
D-Ketoses, type formula, 50 
L-Ketoses, type formula, 50 
Ketosis, 459, 460 
anesthesia, 459 
childhood acidosis, 459, 461 
in diabetes mellitus, 460 
starvation, 459, 461 
17-Ketosteroids, 558 
determination and Significance, 637 
Kidney and blood pressure, 660 
as excretory organ, 505 
conditions and urinary phosphorus, 513 
blood proteins in, 592 
diet, 333 
function, 497 
tests, 657 
blood urea clearance, 658 
diodrast clearance, 660 
inulin clearance, 660 
phenolsulphonephthalein, 658 
urea ratio, 659 


? 











Kidney—Cont ’d 
reabsorption of glucose in, 420 
role in acid-base balance, 545 
water content of, 18 
Kinase, definition, 209 
Kjeldahl method for total nitrogen, 125 
Knoop’s fatty acid experiment, 455 
Krebs citrie acid cycle, 357, 426 
Kumiss, 161 
composition, 160 
Kynurenie acid, tryptophan and, 383 
Kynurenine and nicotinic acid, 292, 383 
tryptophan and, 383 


L 


Lactalbumin, 98, 155 
Lactase, intestinal, 234 
pancreatic, 233 
Lactates in muscle extractives, 145 
Lactation, vitamin A and, 260 
Lactenin, 148 
Lactic acid, 423, 424, 425 
as glycogen former, 417 
fate, 425 
formation, 423 
plasma, 174 
production, in milk, 154 
dehydrogenase, 423 
Lactobacillus casei factor, fermentation, 300 
liver, 300 
use in microbiological assay, 123 
Lactoflavin and riboflavin, 290 
Lactogenic hormone, 628 
Lactoglobulin, 98, 155 
composition, 120 
Lactosazone, crystalline form, 53 
Lactose, formula, 59 
in infant nutrition, 154 
in milk, 153 
occurrence and properties, 64 
specifie rotation, 51 
Lactosuria, 524 
Lag in nitrogen equilibrium, 365 
Laking of red blood cells, 175 
Lamb, composition, 696 
L-Amino acid oxidase, 371, 388 
Lanolin, 132 
Laurie acid, 77 
Law(s) (see also under respective names) 
gas, 35 
Laxatives, effect on fecal pH, 246 
Lead, 486 
poisoning, treatment with parathormone, 
620 


Lecithin in blood, 465 
lipotropie, 452 
metabolism, 464 
occurrence and properties, 90 
synthesis, 465 P 
type formula, 90 

Lecithinases, 90, 465 

Legumelin, 98 

Legumin, 99 

Leucemia, blood urie acid in, 585 

Leucine, formula, 104 
metabolism, 378 

Leucocytes, number and composition, 184 
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Leucoeytosis-promoting factor in inflamma- 
tion, 663 
Leucopenia, pteroylglutamic acid in, 302 
Leucopenic factor in inflammation, 663 
Leucosin, 98 
Leucotaxine in inflammation, 663 
Levorotation, 50 
Levulose, 63 
Liebermann-Burchard 
terol, 88 
Light adaptation, 263 
as denaturing agent, 116 
Lignoceric acid in sphingomyelins, 92 
Line test for vitamin D deficiency, 271 
Linoleic acid, 77, 463 
rancid fats and, 464 
Linolenic acid, 77, 463 
Lipase, action, 210 
blood, 599 
intestinal, 234 
pancreatic, 233, 
specificity, 212 
Lipid(s), 75 
characteristics, 75 
classification, 75 
compound, definition, 75: 
derived, definition, 75 
fecal, 247, 450 
metabolism, 446 
abnormalities, 468 
milk, 156 
muscle, 144 
nervous tissue, 140, 141 
plasma, 449 
protein combination, 449 
quantitative assay in feces, 253 
simple, definition, 75 
skin and subcutaneous, 132 
Lipocaic, 453 
Lipoic acid and pyruvie, 426 
a-Lipoic acid, formula, occurrence, function, 
306 
Lipolytic hypothesis of fat absorption, 446 
B,-Lipoprotein, composition, 449 
Lipoprotein(s) complex, 130) | 
description and occurrence, 97 
macromolecules, 467 
Lipositol, 91, 306 
Lipothiamide pyrophosphate, 428 
Lipotropic action of choline, 305 
of inositol, 306 
substances, 452 
Lipuria, 525 
Lithium urate, 518 ; 
Liver, action on bile pigments, 236_ ' 
acute yellow atrophy, blood amino acids, 
587 
bile pigments in blood, 597 
cell, diagram, 129 
cirrhosis of, and vitamin A, 260 
conditions, bile pigments in blood, 597 
blood cholesterol, 589 
proteins, 592, 593 
sugar, 582 
urea, 584 
urie acid, 585 
diet, 333 
hypoglycemia, 442 
destruction, blood amino acids, 587 


reaction for choles- 











Liver—Cont’d 
fatty (see Fatty livers) 
function tests, 654 
alkaline phosphatase, 657 
cephalin-cholesterol flocculation, 657 
composite, 657 
dye secretion, 656 
fructose tolerance, 656 
galactose tolerance, 656 
hippurie acid, 520, 656 
icteric index, 656 
van den Bergh, 656 
lobule, diagram, 237 
site of ketogenesis, 459 
treatment for pernicious anemia, 195 
water content of, 18 
Lobry de Bruyn transformation, 55 
Long animal, 443 
LPF, 663 
LTPP, 428 
Luminescence, chloral hydrate and, 360 
Lumi-rhodopsin, 263 
Lymph, composition and properties, 200 
in urine, 525 
Lymphoid tissue, adrenal cortex and, 613 
Lyophile process of preserving blood plasma, 
199 


Lyophilie colloids, 31, 32 
Lyophobie colloids, 31, 32 
Lysine, decomposition in large intestine, 250 
formula, 106 
low in many foods, 317 
metabolism, 387 
Lysis of blood clots, 194 
Lysolecithin produced by lecithinase, 90 
Lysozyme, functions, 677 
toxicity, 677 
Lytic reactions, 171 
p-Lyxose, formula, 49 
L-Lyxose, formula, 48 


M 


Macrocytic anemias, treatment of, 196 
Macromolecules, lipoprotein, 467 
Magnesium, distribution, in tissues, 478 
effects of administration, 478 
excretion, 478 
in foods, 322 
ions, in muscle contraction, 422 
metabolism, 478 
Malice acid, 426 
from aspartic, 386 
dehydrogenase, 427 
Malignant growths, enzyme systems, 360 
Malnutrition, blood cholesterol, 589 
diet, 332 
Malonic acid, antagonist to succinic acid, 693 
Malt sugar, 64 
Maltase, intestinal, 254 
salivary, 222 
specificity, 212 
Maltosazone, erystalline form, 53 
Maltose, formula, 59 
from starch hydrolysis, 67 
occurrence and properties, 64 
specific rotation, 51 
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Manganese, activator of enzymes, 485 
effects of deficiency, 485 
oceurrence, 485 
requirement, 485 

Mannoheptose, 45 

p-Mannoheptose, utilization, 413 

Mannoheptulose, 45 Je 

p-Mannoheptulose, absorption and utilization, 

413 

p-Mannoheptulosuria, 525 

Mannose, absorption and utilization, 413 

D- Mannose, formula, 49, 50 
occurrence and properties, 64 
specific rotation, 51 

L-Mannose, formula, 48 

Mare milk, composition, 149 

Marrow, bone, 138 

Mass action, law of, 21 

Mastication, 219 

Meats, composition, 695 

Meconium, 245 

Medicolegal tests for blood, 203 

Melanins, 382 
adrenal gland and, 382 
and tyrosine metabolism, 382 
in skin, 133 
in urine, 505 

Melibiase, action on raffinose, 212 

Melibiose from raffinose, 212 

Membrane, animal, 39 
cell, chemical nature, 128 

permeability, 129 
Menadione, 275 
Menstrual eyele, 633 
blood cholesterol changes in, 588 

Menstruation, fibrinogen in, 592 

Mercaptan formation in large intestine, 249 

Mercapturic acids, formation, 647 

Mesobilinogen, 238 

Mesoinositol, 305 
formula, 145 

Metabolic water, 489 

Metabolism, basal, 560 (see also Basal me- 

tabolism) 
carbohydrate, 412 
common pathways, 461 
creatine and creatinine, 393 
definition, 362 
endogenous, 369 
energy, 552 
ethyl alcohol, 559 
exogenous, 369 
inborn errors, 380, 505, 531 
integration scheme, 463 
lipid, 446 
mineral, 472 
nitrogen, 362 
physiological control, 359 
purine and pyrimidine, 396 
total, in children, 574 
influence of mental work, 573 
of muscular work, 572° 
of sleep, 573 

Metabolite, 348 

Metaproteins, 97 

Meta- rhodopsin, 263 

Methane formation, 249 





Methemoglobin absorption spectra, 176, 183 
formation and characteristics, 182 
following sulfa drug, 591 
poisoning, mechanism, 183 
treatment, 183 
state of iron in, 182 
Methemoglobimemia, production, 183 


Methionine, active, 392 
antagonist, 654 
as methyl donor, 390 
formula, 106 
in transmethylation, 391 
lipotropic, 452 
metabolism, 385 
photolysis, in milk, 156 
Methoxinine, antagonist to methionine, 654 
Methyl acceptors, 391 
cellulose, 70 
cholanthrene from cholic acid, 664 
donors, 390, 391 
glucosides, formation, 56 
formulas, 56 
group, labile, 390 
oxidation of, 393 
synthesis, 391 
of sarcosine, 390 
Methylated compounds, 392 
Methylation, detoxication by, 649 
Methylbenzene, oxidation, 645 
Methyl mereaptan, formation, 249 
Methylphenylfructosazone, 63 
Mg-Ca relationships, 478 
Mg in urea formation, 372 
Mg in tricarboxylie acid cycle, 427 
Micellar component of cell, 130 
Micelle, 30 
Microbiological assay of amino acids, 123 
of vitamins, 256 
Microincineration, 131 
Microorganisms, action of fecal, 247, 248 
Milk, 148 
acidophilus, 161 
ash, 157 
cholesterol, 156 
composition, 148 
in different species, 149 
of fractions of single nursing, 152 
condensed, 161 
composition, 160, 161 
dry, 160, 161 
enzymes, 158 
essential amino acids in cow’s, 155 
evaporated, 160, 161 
fats, 156 
legal requirement, 153 
origin, 450 
film formation, 159 
foreign substances passed into, 159 
free amino acids in, 156 
goat’s, 149 
homogenized, production and _ properties, — 
1 


human and cow’s composition, comparison, — 
152 
fat, 156 
immune bodies, 153 
individual variations, 150 
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Milk—Cont’d 
influence ae by of woman on composition, 
of diet of woman on composition, 151 
of ota Pae lactation on composition, 


of physical and mental states on composi- 
2 tion, 152 
inorganic salts, 157 
lipids, 156 
malted, composition, 160 
nutritive importance, 162 
pasteurization, 158 
physical characteristics, 153 
products, 160 
proteins, 154 
nutritional value, 155 
relationships, 153 
reaction, 153 / 
relation to rate of growth, 149 
secretion, 148 
skim, composition, 160 
souring, 154 
species variations, 149 
sterilization, 158 
sugar, 64 (see also Lactose) 
various types, composition, 690 
vitamin D, methods of production, 162 
vitamins, 157, 162 
Milliequivalents per liter, formula, 494 
Millon’s test, 103 
Mineral(s) composition of body, 472 
of dietaries, 473 « 
constituents of tissue, 131 
in foods, 321 
metabolism, 472 
oil and absorption of vitamin A, 259 
of carotene, 259 
of vitamin D, 267 
of vitamin K, 276 
Mitochondria, constituents of, 130 
in cellular metabolism, 345 
Mixed polysaccharides, occurrence and prop- 
erties, 71 
Mn in tricarboxylie acid cycle, 427 
Molecular weights of proteins, 118 
Molisch test for carbohydrate, 55 
Monoglycerides, 233 
Mononucleotide, flavin, 348 
Monosaccharides, 61 
Barfoed’s test, 52 
classification, 44 
definition, 44 
mutarotation and structure of, 57 
oxidation, derivatives, 72 
phosphates of, 59 
structure of, 45 
oore’s test, 54 
osenthal test for renal function, 507 
ucic acid, crystals, 63 
formation, 65 
ucins, 102 
carbohydrates of, 102 
gastric, site of secretion, 222 
in urine, 528 
salivary, 221 
ucoids in connective tissues, 134 
in plasma, 168 











Mucoitin sulfurie acid, 134 
Mucolytic enzymes, 676 
Muconie acid from benzene, 645 
Mucopolysaccharides, 73 
Mucoprotein, gastric, site of secretion, 222 
Mucoproteose, gastric, 222 
Mucus substances, gastric, 222 
intestinal, 102 
Multiple alternate oxidation, 456 
myeloma, 593 
Bence-Jones protein in urine, 527 
Mumps, antibody to, 643 
virus of, 173 
Murexide test, 518 
Muscarine, formula, 251 
Muscle contraction, carbohydrate metabolism 
in, 421 
energy transfer in, 422 
enzymes involved, 423 
in intact animal, 429 
scheme of reactions, 423 
creatine content, 393 
extractives, 144 
function, creatine in, 395 
heart, carbohydrate metabolism in, 429 
hemoglobin, 144 
lipids of, 144 
proteins, beef, composition, 120 
tissue, composition, 143 
water of, 18, 143 
Muscular dystrophy, 273 
progressive, 377 
Mutarotation, 57 
Mutases, 211 
Myasthenia gravis, 377 
glycine in, 405 
Myeloma, multiple, electrophoretic patterns, 
173 
serum calcium in, 594 
Myoalbumin, 143 
Myogen, 143 
Myosin, 143 
Myristic acid, 77 
Myxedema, 616 


N 


N.P.N., 582 
Naphthalene, conjugation, 647 
Necrosin in inflammation, 663 
Necrosis, muscle, 273 
Neoretinene, 263 
Neovitamin A, 263 
Nephelometer, 32 
Nephritis, blood creatinine in, 587 
sugar in, 581 
urea in, 583 
uric acid in, 584, 585 
diet in, 333 
Nephron, diagram, 496 
Nephrosclerosis, diet, 334 
Nephrosis, blood calcium in, 594 
chlorides in, 595 
cholesterol in, 588 
diet, 334 
electrophoretic pattern, 173 
glucosuria, 432 
Nervone, 93 
Nervonie acid in sphingomyelins, 92 


‘ 


Nervous activity, potassium and, 488 
system, vitamin A and, 262 
tissue, carbohydrate metabolism, 427, 430 
composition, 140 
pyruvic acid oxidation in, 427, 430 
water content of, 18 
Neuberg ester, 60 
Neuraminie acid, 93 
Neurine, formation, 251 
Neuritis, alcoholic, thiamine and, 289 
pregnancy, thiamine and, 289 
Neurokeratin, 141 
hydrolysis products, 100 
Neurospora, mutants, use of, 123 
Neutral Protamine Hagedorn insulin, 439 
Newburg diet in diabetes mellitus, 336 
Niacin, 291 (see also Nicotinic acid) 
amide in coenzymes, 217 
methylation, 649 
structure, 292 
antagonist for mammals, 651 
crystalline form, 280 
deficiency in animals, 293 
histochemical detection, 146 
mechanism of action, 293 
occurrence, 293 
presence in coenzymes, 2938 
properties, 292 
relation to tryptophan, 291, 383 
requirements, 293 
structural analogue, 650 
structure, 292 
Nicotinie acid, 291 (see also Niacin) 
amide in oxidation-reductions, 347 
from tryptophan, 383 
Niemann-Pick’s disease, 469 
Night blindness in vitamin A deficiency, 260 
Ninhydrin, reaction with amino acids, 109 
Nissl bodies, chemical nature, 130 
Nitrobenzene causing methemoglobin forma- 
tion, 183 
Nitrogen, absorption, 362 
balance, 364 
determination of total, 125 
equilibrium, 365 
metabolism, 362 
Nitroglycerine, formula and uses, 79 
Nitroprusside reaction for proteins, 103 
Nitrous acid reaction with amino acids, 109 
N1-Methyl niacin amide, formation, 649 
NO, causing methemoglobin formation, 183 
Nocturia, 506 
Nomenclature, steroid, 86 
Noncompetitive antagonism, 652 
Nonionic detergents, 82 
Nonnitrogenous residues, amino acid, fate, 
375 
Norepinephrine, 605 
formula, 604 
Norleucine, metabolism, 378 
Normal solution, definition, 28, 2 
Normality, definition, 28 
NPH insulin, 439 
Nucleases, action, 210 
intestinal, 235 
pancreatic, 232 
Nucleic acid, digestion, 399 
hydrolytic products, 397 
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Nucleic acid—Cont’d 
metabolism, 396 
derangement, 274 
molecular weights, 400 
polymers of tetra-nucleotides, 400 
structure, 398 
synthesis, 400 
Nuclein deaminases, action, 210 
Nucleinase, 400 
Nucleinate, protein, 101 
Nucleoproteins, decomposition products, 396 
digestion, 396 ; 
in urine, 527 
nervous tissue, 141 
occurrence and properties, 101 
of cytoplasm, 130 
of nucleus, 130 
properties and examples, 97 
Nucleosidase, purine, intestinal, 235 
reaction, phosphorlytic, 400 
Nucleoside(s), 399 
phosphorylases, 400 
Nucleotidase, 400 
intestinal, 235 
Nucleotides, 146, 399, 404, 348 
phosphopyridine, 347 
typical formula, 399 
Nucleus, constituents of, 130 
nucleoprotein of, 130 
Nutrition experiments with proteins, 118 
Nutritional status, methods for appraising, 
307 
Nuts, composition, 700 
Nyctalopia in vitamin A deficiency, 260 
Nylander’s reaction for reducing sugars, 52 
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Obesity, 140, 454 
diet, 331 
energy metabolism, 569 
hypothyroidism, 618 
water balance in, 454 
retention, 570 
Occult blood in feces, 253 
Ochronosis, 531 
Ocular fluids, 102 
Oils, 78 
drying, 82 
identification of, 83 
Oleic acid, 77 
a cis form, 77 
reduced to stearic acid, 82 
Oligosaccharides, definition, 44 
Oliguria, 506 
Optical isomers, 46 
Optimum pH, carboxypeptidase, 232 
chymotrypsin, 232 
enzyme action, 213 
pancreatic amylase, 232 
lipase, 233 
pepsin, 227 
salivary amylase, 222 
trypsin, 232 
Organic acids, food, 323 
constituents of tissues, 18 
proteinurias, 526 
Organisms, intestinal, and vitamins, 256 
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Ornithine, ‘pi a in large intestine, 
25 
from proline, 389 
Ornithine-proline interconvertibility, 390 
Orosins, 168 
Orthostatic proteinuria, 526 
Osazones, 52 
erystals, photomicrographs, 53 
Osmometer, figure, 38 
Osmosis, 36 
Osmotic pressure, colloidal, physiological ef- 
fects of, 169 
measurement of, 37 
pressures of body fluids, 38 
Ossein, 135 
Osseoalbuminoid, 135 
Osseomucoid, 135 
Osseous tissue, composition, 135 
Ossification, 136 
Osteomalacia, 267 
from vitamin D deficiency, 270 
Ovalbumin, 98 
Ovarian hormones, 631 
metabolism, 632 
Ovoglobulin, 98 
Oxalates, anticoagulating action, 166, 191 
in. urine, 522 
Oxalic acid in foods, 324 
oxidation of, 645 
Oxaloacetate-B-carboxylase, 542 
Oxaloacetic acid, 426, 427 
from aspartic, 387 
Oxalosuceinie acid, 426 
decarboxylase, 427 
Oxidase(s), action, 211 
amine, 644 
glycine, 377 
Oxidation(s) and phosphorylation, 353 
definition, 341 
detoxication by, 644 
physiological, 341, 542 
methods of study, 343 
B-Oxidation in pentose formation, 431 
Oxidation-reducing agents, various, 351 
Oxidative deamination in protein metabo- 
lism, 371 
decarboxylations, 356 
Oxidized cellulose, uses in medicine, 71 
Oxido-reductases, 211 
Oxybiotin, 653 
Oxygen, caloric values, different foodstuffs, 
558 
carriage, 535 
debt, 429 
in blood plasma, 180 
Oxyhemoglobin, 177 
absorption spectrum, 176 
dissociation, 180 
state of iron in, 179 
Oxytetracycline, 672 (see also Terramycin) 
Oxytocin, effects, nature, and structure, 622 


P 


PABA, 299 

PGA, 301 

Palmitie acid, 77 
Palmito-oleostearin, 76 





Pancreas, relation to diabetes mellitus, 433 
water content, 18 
Pancreatic cells, a and B, 435 
cholesterol esterase, 234 
esterase, 233 
function test, 660 
juice, bicarbonate, 231 
characteristics, 231 
enzymes, 231, 232 
phosphatase, 234 
secretion, control, 230 
tumors, hypoglycemia from, 441 
Pancreatin, 234 
Pancreatitis, blood enzymes in, 599 
Pancreatotrophic action of anterior pituitary, 
626 
Pancreozymin, 602 
Pantetheine, 297 
Pantothenic acid, 295 
and adrenal cortex, 295, 612 
antagonist, 650 
crystalline form, 280 
deficiency, symptoms, 295 
formula, 296 
functions, 296 
occurrence, 296 
part of coenzyme A, 296 
properties, 296 
Paracasein, formation from casein, 101 
Paraffin coating, inhibiting blood coagulation, 
166 


Parathormone, effects of administration, 619 

nature, 619 

theories for action, 619 
Parathyroid and blood calcium, 475 

and phosphorus in urine, 513 

glands, 619 

secretion and bone calcium, 138 

serum calcium and phosphorus, 594 
Parenteral feeding, 338, 405 
Partial pressures of gases, 534 
Partition hypothesis of fat absorption, 447 
Pasteur reaction, 61, 359 
Pasteurization of milk, 158 
Pathological conditions causing 

176 

Peanut butter, composition, 700 
Pectins, occurrence and properties, 72 
Pellagra, corn diet in, 291 

preventive factor, 291 

riboflavin in, 289 

symptoms and occurrence, 292 
Penicillin, 668 

action, 670 

different forms, 670 

method of production, 671 

properties, 671 

structure, synthesis, toxicity, 670 
Pentosans, occurrence and properties, 66 
Pentose(s), 45 

absorption, 413 

from hexoses, 431 

metabolism, 430 

occurrence and properties, 64 

phosphorylation, 430 

transformation to nonpentose, 431 
Pentosuria, 524, 532 


hemolysis, 
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Pepsin, 227 
action, 227 
composition, 120 
erystalline form, 209 
crystallized, 208 
estimation, 230 
first isolated, 206 
optimum pH, 227 
site of action, 222 
Pepsinogen, conversion to pepsin, 227 
crystallized, 208 
urinary, 523 
Peptidase(s), action, 210 
of pancreas, 232 
Peptide(s), 98 
isoelectric points of certain, 114 
linkage, 103, 110 
evidence for, 110 
formation, 646 
synthesis, 368 
Peptization, 31 
Peptones, 98 
Pericardial fluid, 201 
Periston as blood substitute, 198 
Peritoneal fluid, 201 
Permutit process in amino acid analysis, 125 
water softening, 81 
Pernicious anemia, folic acid in, 302 
vitamin B, in, 303 
Perosis, labile methyl group and, 393 
Peroxidases, 353 
action, 211 
cellular localization, 345 
Peroxides, 353 
Perspective formulas, 58 
pH, 2 
conversion to H ion concentration, 24 
of adult stool, 246 
of blood, 166 
constancy, 543 
methods of determination, 596 
of intestinal contents, 231 
juice, 234 
range, urinary, 510 
values, human body fluids, secretions, 25 
Phase, definition, 30 
Phenaceturice acid, formation, 455 
Phenacetyl glutamine, 646 
Phenol(s), conjugation with glucuronie acid, 
648 


formation in large intestine, 249 
from benzene, 645 
Phenylacetic acid, conjugation, 646 
Phenylalinine, antagonist, 651 
formula, 105 
metabolism, 379 
scheme, 381 
Phenylpyruvie acid, 380, 381 
oligophrenia, 382 
Phlorhizin, 57 
glucosuria, 432 
Phosphagen, 393, 422 
Phosphatase(s), 423 
acid, and prostate gland, 668 
action, 210 
alkaline, in blood, 598 
in bone formation, 137 


mit 








Phosphatase (s)—Cont’d 
in blood, 598 
intestinal, 235. 
pancreatic, 234 
serum, in rickets, 270 
Phosphate, blood, insulin and, 441 
bond, energy-rich, 354, 422 
ealeuli, 531 
carriers, Classification, 355 
uptake, gramicidin and, 360 
Phosphatides, 90 
of nervous tissue, 141 
thromboplastic action, 187 
Phosphatidyl ethanolamine, formula, 91 
serine, formula, 91 
thromboplastic action, 187 
Phosphocreatine, dinitrophenol and, 360 
formula, 393 
Phosphoglucomutase, 416, 423 
6-Phosphogluconic acid, to ribose, 431 
3-Phosphoglyceraldehyde, 423, 425 
2-Phosphoglyceric acid, 423, 425 
3-Phosphoglyceric¢ acid, 423, 424, 425 
Phosphoglyceromutase, 423 
Phosphohexoisomerase, 423 
Phosphohexokinase, 423 
Phospholipid(s), formation, 450 
from cholesterol, 466 
in fat formation, 447 
in fatty acid transport, 449 
in Niemann-Pick’s disease, 469 
muscle, 144 
occurrence, 90 
Phosphopantetheine, 297 
Phosphopentose isomerase, 431 : 
Phosphoproteins, examples, occurrence, prop- 
erties, 97 
Phosphopyridine, nucleotides, 347 
Phosphopyruvate dephosphorylase, 423 
Phosphopyruvie acid, 423, 424, 425 
Phosphorolysis, 415, 416 J 
Phosphorus and calcium, blood, normal and 
pathological, 593 
food, 321 
metabolism, 474 
radioactive, as therapeutic agent, 676 
as tracer, 676 
urinary, insulin and, 513 
normal and pathological, 513 
Phosphorylase, 423 
action, 210 
crystalline form, 209 
in bone formation, 137 
in carbohydrate metabolism, 416 
muscle, crystallized, 208 
Phosphorylation, 415 
and oxidation, 353 
in glucose reabsorption, 420 
of sugars for absorption, 413 
pentose, 430 
Photometer, flame, 594 
Photophobia in riboflavin deficiency, 290 
in vitamin A deficiency, 260 
Phrenosin, 93 
Physical chemistry, 21 
forces causing hemolysis, 176 
Physiological oxidations, 341, 542 
Phytin, 306 





At 
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Pickles, composition, 699 
Pickling of food, 328 
Picric acid reaction for sugars, 52 
reduction of, 645 ~ 
Pigmentation, epithelial, and pantothenic 
acid, 297 
Pigments, bile, 236 
carotenoid, 257 
urinary, 505 
Pig milk, 149 
Piqtre, 431 
Pitocin, 622 
Pitressin, 622 
Pituitary dwarfism, 623 
gland, 620 
anterior lobe (see also Anterior pituitary 
gland) 
adrenocorticotrophic hormone, 627 
diabetogenic factor, 626 
follicle-stimulating hormone, 629 
gonadotrophie factors, 629 
growth hormone, 623 
ketogenic factor, 627 
lactogenic hormone, 628 
luteinizing hormone, 629 
pancreatrophic hormone, 626 
thyrotrophie factor, 627 
posterior lobe, hormones, 621 
influence on urine volume, 506 
Plasma Ac-globulin, 187 
blood, 165 
albumin of, 169 
acid-base composition, 492 
amino acids, 174 
carbon dioxide combining power, 549 
characteristics and composition, 167 
cholesterol, 588 
electrophoretic analysis, 171 
enzymes, 174 
fibrinogen, 169 
fluid, amount, 489 
fractionation, 199 
globulins, 98 
@,-, a,-, B-, and y-, 168, 172 
glucose, 174 
human, electrophoretic pattern, 172 
proportions of different proteins, 199 
water of, 168 
inorganic ions, 174 
ketone bodies, 174 
lactic acid, 174 
lipids, 174, 449 
nitrogenous waste products, 174 
osmotic pressure, 169 
oxygen in, 180 
peptides, 173 
pigments, 174 
protein concentration, by copper sulfate 
method, 167 
proteins, age variations, 591 _ 
electrophoretic and sodium 
fractionation, 168 
percentage of, 168 
regeneration, 171 
site of formation, 169 
specific gravity, 167 
substitute for whole blood, 198 
seminal, 202 


sulfate 





Plasmapheresis, 170 
Plasmin, 194, 678 
Platelet(s), AeG, 189 
agglutination, 191 
number, origin, composition, 184 
role in blood coagulation, 189 
Pleural fiuid, 201 
Pneumonia, chlorides in, 515 
lobar, blood uric acid in, 585 
pOH, 23 
Poisons causing methemoglobinemia, 183 
Polariscope, diagram, 47 
Polarized light, 47 
Poliomyelitis virus, 173 
Polyeythemia, blood uric acid in, 585 
color index in, 591 
from excess cobalt, 485 
hemoglobin, 591 
Polyneuritis in animals, 286 
Polynucleotidases, pancreatic, 232 
Polypeptides, 98 
antibiotics, 110 
example, structure, 110 
in urine, 527 
naming, method, 110 
number of possible isomers, 365 
Polysaccharidases, action, 210 
Polysaccharides, 45 
classification, 66 
definition, 44 
description, 66 
mixed, 71 
Polyuronides, 73 
Polyvinylpyrrolidone as blood substitute, 198 
Pork, composition, 697 
Porphyria, 177 
Porphyrinuria, 532 
Posterior pituitary extracts, effects of, 621, 
622 


Potassium and carbohydrate metabolism, 488 
and nerve function, 488 
antagonism to calcium, 487 
functions, 488 
in diet, 487 
in foods, 322, 708 
in therapeutic solutions, 500 
increased in adrenal insufficiency, 501 
metabolism, 486 
movement from cells, 499, 500 
plasma, normal and pathological, 594 
secretion by renal tubules, 497 
sodium relationship in blood, 174, 175 
in body fluids and cells, 487 
toxicity, 500 
uptake, 488 
Potatoes, composition, 705 
Poultry, composition, 697 
P-P factor, 291 
Precipitin reactions, 171, 203 
Pregnancy and urinary phosphorus, 513 
blood urea in, 584 
creatine excretion in, 394 
histidine excretion in, 388 
plasma proteins in, 593 
proteinuria in, 526 
serum cholesterol in, 588 
tests, 523, 631 
toxemias, color index in, 590 
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Pregnane, formula, 86 
Preservation of foods, 328 
Preserves as foods, 328 
Primer, polysaccharide, 416 
Proenzymes, activation, 217 
definition, 209 
Profibrinolysin, 194 
Progesterone, 630 
formula, 87 
and functions, 633 
Prolactin, 629 
crystalline, 628, 629 
function and properties, 628 
Prolamins, occurrence and properties, 97, 100 
Proline, formula, 107 
metabolism, 389 
ornithine interconvertibility, 390 
oxidation, control, 359 
6-Propyl-thiouracil, 618 
Prostate gland and acid phosphatase, 668 
alkaline and acid phosphatase distribu- 
tion, 669 
blood acid phosphatase and, 598 
tumors, and serum phosphatase, 668 
Prosthetic group, 96 
Protamine-insulin, 438 
Protamine-zine-insulin, 438 
Protamins, examples and properties, 97 
Proteans, 97 
Proteases, action, 210 
Protective colloidal action, 33 
Protein(s), absorption, 362 
action of intestinal microorganisms upon, 
248 
allowance, 317 
amino acids of, 104 
animal, amino acid content, 318 
percentage composition, 120 
as glycogen formers, 417 
biuret test, 103 
blood, normal and pathological, 589 
plasma, age variations, 591 
caloric value, 554 
carbohydrate content, 102 
classification, 96 
coagulated, 97 
coagulation, 115 
points, 115 
color tests, 103 
combinations with dyes, 103 
compound, 97 
conjugated, definition, 96 
denaturation, 115 
denatured, 97 
digestion of, 116 
derived, definition, 96 
dietary level and tissue requirements, 362 
digests, blood coagulation preventives, 166 
elementary composition, 95 
estimation, 125 
general properties, 102 
globular, 116 
gluconeogenic value, 375 
heat processing, 318 
in foods, 316 
intake, adequate, 317 
optimum, 316 








Protein(s)—Cont’d 
isoelectric points, 113 
labile, 366 
lipotropic, 452 
metabolism, 362 
blood urea and, 583 
theories, 369 
total sulfates and total nitrogen and, 
512 
Millon’s test, 103 
molecular weights, 95, 118 
nitroprusside reaction, 103 
nucleinate, 101 
nutritional importance, 118 
occurrence and properties, 98 
of milk, 154 
of muscle, 143 
of nervous tissue, 141 
plant, percentage composition, 120 
precipitants, used in blood analysis, 579 
precipitation by alkaloidal reagents, 102 
by heavy metals, 102 
quality, 317 
requirement and protein allowance, 316, 317 
reserve, 366 
respiratory quotient, 557 
Sakaguchi reaction, 103 
simple, definition, 96 
sparers, 316, 572 
storage, 366 
structure of molecule, 116 
test for -SH group, 103 
vegetable, amino acid content, 318 
xanthoproteic reaction, 103 
yielding carbohydrate, 319 
Proteinases, 210 
Proteinurias, 526 
Proteoses, 98 
and peptones as blood-clotting preventives, 
166 


Prothrombin, activation, 186 
activators, 188 
and vitamin K, 276 
in plasma, 168 
time, method of determination, 191 
Protoplasm, composed of emulsions, 41 
composition and properties, 17 
Provitamin A, formula and oceurrence, 258 
D, 265 
Proximate principles, 254 
Psychic stimulation of gastric secretion, 223 
Psychosin, 93 
Pteridine, 301 
Pteroylglutamie acid, 300 
and inhibition by sulfa drugs, 650 
antagonists, 652 
clinical uses, 302 
conjugates, 301 
deficiency, effect, 302 
in pernicious anemia, 302 
in treatment of anemias, 196 
occurrence, 302 
properties, 301 
requirements, 302 
structure, 301 
Ptomaines, 252 
Ptyalin, 221 
Pumpkin seed globulin, 99 
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Purine(s), action of enzymes upon, 401 
and pyrimidines, metabolism, 396 
structure, 397 
synthesis, 402 
biosy nthesis, sources of elements in, 403 
in muscle extractives, 146 
methylated, occurrence and fate, 402 
nucleosidase, intestinal, 235 
nucleus, 397 
Purpura and vitamin E, 274 
Putrefaction, 248 
Putrescine, 250 
Pyranose form, 58 
Pyrexin in inflammation, 663 
3-Pyridine sulfonic acid, pemascuist to ni- 
acin, 650 
Pyridoxal, formula, 294 
transaminase and, 367 
Pyridoxamine, formula, 294 
transaminase and, 367 
Pyridoxine, 293 
and tryptophan metabolism, 384 
antagonist, 652 
erystalline form, 280 
deficiency in man, 295 
symptoms, 293 
essential fatty acids and, 464 
functions, 294 
hydrochloride, formula, 294 
in formation of nicotinic acid, 292 
occurrence and properties, 293) 
Pyrimidines (see also Purines and pyrimi- 
dines ) 
biosynthesis, 404 
fate, 402 
in muscle extractives, 146 
in thiamine, 287 
metabolism, 396 
nucleosidase, intestinal, 235 
nucleus, 397 
Pyrithiamine, antagonist to thiamine, 652 
Pyrogenic substance in inflammation, 663 
Pyrogens, 680 
Pyrophosphatase, inorganic, crystallized, 208 
Pyrrole, formula, 177 
Pyruvate, metabolic reactions, 358 
oxidation factor, 306 
ee rovie acid, 423, 424, 425 
fate, 425 
formation, 423 
from alanine, 377 
from cysteine, 385 
from glycine, 377 
from serine, 378 
oxidation in nervous tissue, 428, 430 
reactions of, 428 
dehydrogenase, 426 
action, 427 
Q 


Quick freeze method of preserving food, 329 
Quinone, reduction, 646 





R 
R.Q., 556 
Rachitie children, 267 
adioactive carbohydrates, 
73 
isotopes, 20, 676 R 


production of, 


Raffinose, action of enzymes on, 212 
Rancidity of fats, 82 
Rancid fats, effect on vitamin E, 273 
Reabsorption in renal tubules, 497 
Recovery phase of muscle contraction, 421 
Red blood cells, composition and formation, 
175 
life span, 179 
membrane, 175 
osmotic pressure, 175 
permeability, 538 
use, 198 
Reduced phenophthalein test for blood, 203 
Reductase, cytochrome ¢, flavin in, 348 
Reduction, detoxication by, 645 
Reference sugar, 50 
Rehfuss fractional system, 228 
Reichert-Meiss] number, 84 
Reindeer milk, composition, 149 
Relative specificity of enzyme action, 212 
Renal diabetes, 432 
blood sugar in, 581 
criteria for diagnosis, 581 
threshold, glucose, 420 
in diabetes mellitus, 580 
Renin, 660 
Rennin, absence from gastric juice, 227 
action, 155 
erystallized, 208 
occurrence and action, 227 
Reproduction, vitamin A and, 260 


Requirements for nutrients, 326 (Table 
XXIX) (see also individual 
listings ) 


Resins, ion exchange, 41 
Respiration, cellular, 341 
chemistry of, 534 
chloral and, 360 
dinitrophenol and, 360 
gramicidin and, 360 
internal, 341 
Respiratory carriers, 346 
enzymes, 346 
gases, flow of, 535 
movements, chemical regulation, 541 
quotient, 556 
composite figure, 559 
for mixed diet, 557 
nervous tissue, 430 
quotients of carbohydrate-fat mixtures, 
559 
Reticulin, 134 
Reticulo-endothelial diseases, 
teins in, 593 
Reticulocytes, 195 
Retinal reactions, scheme, 263 
Retinene, 263 
Retraction time, method of determination, 
193 
Reversibility of enzyme action, 
Rh factor, 198 
Rheumatoid arthritis, cortisone and ACTH 
in treatment of, 679 
Rhodopsin, 262 
Riboflavin, 289 
and fatty livers, 453 
and tryptophan metabolism, 384 
atabrine and, 360 


plasma pro- 


215 
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Riboflavin—Cont’d 
crystalline form, 280 
deficiency symptoms, 289 
distribution, 290 
excretion, 291 
histochemical detection, 146 
mechanism of action, 290 
metabolism in nervous tissue, 427 
requirements, 290 
structure and properties, 290 
D-Ribose, 64 
formula, 49 
L-Ribose, formula, 48 
Ribose nucleic acid, 397 
transformation to nonpentose, 431 
Ribose-5-phosphate, 431 
Ribosuria, 525 
Ribulose-5-phosphate, 431 
Rice diet for hypertension, 336 
Ricinoleic acid, 77 
Rickets, 268 
calcium and phosphorus in, 268, 476 
in bones, 138 
dentition in, 270 
from vitamin D deficiency, 267 
Robinson ester, 60 
Rod pigments, 262 
Rotation, specific, 50 
of various carbohydrates, 51 
Rubner’s law, 571 


Ss 
8.D.A., 571 
Saccharase, action on raftinose, 212 
D-Saccharic acid, formation, 72 
Saccharidases, action, 210 
Saccharose, occurrence and properties, 65 
S-Adenosylmethionine, 
tion, 392 
Sakaguchi reaction, 103 
Salad dressing, composition, 699 
Saliein, 57 
Saliva, control of secretion, 220 
enzymes, 221 
functions, 221 
inorganic ions of, 221 
mucin, 221 
pH, 220 
physical characteristies, 219, 220 
properties and composition, 219 
Salivary calculi, 221 
digestion in stomach, 222 
Salkowski reaction for cholesterol, 88 
Salt(s) diet and urine volume, 514 
hunger, 494 
output, 494 
pathways in body, 489 
restriction, question, 335 
Salting of food, 322 
Sansum diet in diabetes mellitus, 336 
Saponification, 79 ; 
number, 83 
Saponin, 57 
Sarcosine, methyl group of, 390 
Satiety value of fat, 320 
Saturation of unsaturated acids, 455 
Sausage, composition, 698 


formula and _ fune- 
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| Seliwanoff’s reaction, 63 


_ Semen, description and composition, 202 


_ Sex hormones (see also under individual list- 






Schizophrenia, insulin shock therapy in, 141, 
430 
Schlesinger’s test for urobilinogen, 530 
Scleroproteins, 99 
Scotopsin, 263 
Scurvy and vitamin C, 278 
symptoms, 278 
Sea water, chemical composition, 493 
resemblance to blood serum, 164 
Seafood, raw, and thiamine, 288 
Sebum, human, 132 
Secretin, 601 
nature and action, 230 
stimulating bile secretion, 235 
Secretion(s), human, pH of, 25 
of milk, 148 
true, body fluids as, 201 
Secretogogues, gastric, 223 
Sedimentation rate, 167 
Sediments, urinary, 511 
Selenium, 486 


Selye’s hypothesis, 637 


Seminal plasma, composition and properties, 
202 
Serine, 386 
formula, 105 
in large intestine, decomposition, 251 
in phosphatides, 91 
metabolism, 378 
synthesis, 377 
Serotonin, vasoconstrictor, 661 
Serum Aec-globulin, 187 
albumin, 98 
as blood substitute, 198 
blood, 165 
as blood substitute, 198 
cholesterol in, 588 
creatinine, 586 
uric acid in, 584 
globulins, concentration in plasma, 168 
lipids in essential fatty acid deficiency, 
463 


ings) 
excretion in urine, 522, 523 
products, glucuronides, 648 
relation to carcinogens, 665 
Sheep milk, composition, 149 
Shellfish, composition, 691 
Shock, change of electrolyte pattern in, 501 
results of and treatment of, 200 . 
Siderophilin, 173 
Silicon, 486 
Silicosis, 486 
Silk fibroin, composition, 120 
Simmond’s disease, hypoglycemia in, 441 
Sitosterol, 89 
Skatole, formation, 249 
Skim milk, production and composition, 160 
Skin, 133 
water content of, 18 
Sleep, influence upon total metabolism, 573 
Small intestine, digestion in, 230 
Smoking, preservation of food by, 328 
SO,, formation, 384 : 
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Soaps, hydrolysis of, 80 
cleansing action, ’80 
insoluble, 80 
metallic, 80 
types and properties, 79 

Sodium and hypertension, 489 
chloride deficiency, 487 

functions, 487 
requirement, 487 
treatment of Addison’s disease, 610 
in foods, 322, 708 
metabolism, 486 
plasma, normal and pathological, 594 
potassium relationships, 174, 175, 487 
Sols, 31 
Somatotrophic hormone, 623 
nature, 623 

Sédrensen buffer standards, 685 
reaction, amino acids, 109 

Soups, composition, 700 

Soybean, heating, 219 
proteins, composition, 120 

Specific dynamic action of foods, 570 
gravity of blood, 166 
rotation, definition, 50 

of various earbohydrates, 51 

Specificity, enzyme, 211 

Spermatozoa, composition, 202 
motility, dinitrophenol, 360 

Sphingomyelins, occurrence, properties, and 

type formula, 92 

Sphingosine, 92 

Spider venom, 90 

Splanchnic nerves, glucosuria and, 432 

Spleen, water content, 18 

Spreading factor, 678 

Sprue and vitamin D, 270 

Squalene, 76 
in sebum, 132 

Squash seed globulin, 99 

Stains, vital, 128 

Stalagmometer, 34 

Starch, esters of, 68 
granules, 67 
hydrolysis, 67 
molecular structure, 68 
occurrence and properties, 67 
soluble, 67 
specific rotation of, 51 

Steapsin, 233 

Stearic acid, 77 

in sphingomyelins, 92 

Stearo-diolein, 76 

Steatorrhea, 247 
diet, 333 
idiopathic, and vitamin D, 270 

Stercobilin, 239, 246 

Stercobilinogen, 239 
tereoisomerism, 46 
detection, 47 
of sugars, 50 
terilization of milk, 158 
teroid(s), 85 
adrenocortical, 607 
hormones, biosynthesis, 638 
interrelationships, 636 
nomenclature, 86 
nucleus, 85 





Sterols, 85 
irradiated, and vitamin D, 265 
various important, 88 
Stigmasterol, 89 
antistiffness factor, 277 
Stilbestrol, actions and formula, 635 
Stoichiometric point, definition, 2 
Stratum corneum, 132 
germinativum, 132 
granulosum, 132 
lucidum, 132 
Streptidine, formula, 671 
Streptodornase, clinical use, 678 
Streptokinase, clinical use, 678 
Streptomycin, action, 672 
and derivatives, formulas, 671 
and growth, 304 
properties, 672 
structural analogues, 649 
Streptose, formula, 671 
Submicroseopie structures, nature of, 130 
Substrate, 348 
analogues, 653 
definition, 209 
Suecinie acid, 426 
antagonist, 653 
from aspartic, 386 
dehydrogenase, 427 
Suceus entericus, 235 
Sucrase, intestinal, 234 
pancreatic, 233 
Sucrose, 59 
occurrence and properties, 65 
relationship to turanose, 45 
specific rotation, 51 
Sugar(s), 55 
action of alkalies on, 54 
amino, 72 
composition, 702 
in lipids of Gaucher’s disease, 468 
invert, 65 
of glycosides, 57 
reducing action, 51 
simplest, 44 
sweetness, 66 
Sulfa drugs, 673 
acetylation, 647, 674 
and production of vitamin K, 276, 675 
as cause of vitamin deficiency, 675 
effect upon hemoglobin, 591 
respiratory enzymes and, 359 
toxicity, 676 
use of mixtures, 675 
Sulfacetamide, 676 
Sulfadiazine, formula, 674 
Sulfaguanidine, formula, 674 
Sulfamerazine, 675 
Sulfamethazine, 675 
Sulfanilamide and PABA, 299, 649 
formula, 673 
Sulfapyridine, formula, 674 
Sulfasuxidine, 675 
Sulfates, formation, 384 
of urine, ethereal, 512 
inorganic, 512 
Sulfathiazole, formula, 674 
Sulfhemoglobin following sulfa drugs, 591 
Sulfhydryl propionic acid, formation, 249 
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B-Sulfinopyruvie acid, 385 
Sulfolipids of nervous tissue, 141 
Sulfur in foods, 322 
of urine, neutral, 512 
normal and pathological, 512 
Sulfurie acid, conjugating agent, 648 
Sulkowitch reagent, calcium detection by, 
620 
Surface area, nomogram for, 565 
reactions of colloids, 33 
tension, 34 
measurement, 34 
Suspension stability of blood, 167 
Suspensoids, 31 
Sweat, volume and composition, 495 
Sweating, loss of water and salts, 502 
Sympathin, physiological role, 142 
Sympathomimetic substances, 642 
Syndrome, general adaptation, 637 
Synovial fluid, 201 
mucins, 102 
Synthesis, peptide, 368 
Synthetic action of enzymes, 215 
Systemic effects of tumors, 667, 668 


D 


p-Talose, formula, 49 
L-Talose, formula, 48 
W Tartar, 221 
Taurine ae taurocholie acid, 240 
origin, 384 
Taurocholie acid, 240 
Teeth (see also Dental) 
acid-containing beverages and, 327 
composition, 138 
fluorine, effect on, 139 
isotope ‘experiments, 138 
vitamin A and, 262 
D and, 270 
Teichmann’ s test for blood, 203 
Temperature, body, constancy, vol 
physiological variations, 552 
Tendomucoid, 102, 134 : 
Termites, indirect. utilization of cellulose, 70 
Terramycin, 672 
formula, 673 
Test meals for gastric analysis, 22s 
Testicular hormone, 635 
Testosterone, administration of, 636 
formula, 87, 636 
metabolism, 636 
secretion, relation to ..C.Sit.. 
Tetany, blood calcium, 477 
in osteomalacia, 270 
parathyroid, 619 
Tetranucleotide, molecular weight, 400 
Tetrazolium technique, 343 
Tetroses, 45 
Theelin, 631 
Theelol, 632 
Theobromine, occurrence and fate, 402 
Theophylline, occurrence and fate, 402 
Thiaminase of raw clams, 219 
in sea food, 288 
Thiamine, 286 (see also Vitamin B,) 
antagonists, 289, 652 
and fatty livers, 453 
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Thiamine—Cont’d 
and phenylalanine, 382 
clinical applications, 289 
crystalline form, 280 
deficiency, effects, 286 
in foods, 287 : 
in physiological oxidations, 353 
mechanism of action, 288 
occurrence, 286 
phosphate in nervous tissue metabolism, 
427 
properties, 287 
pyrophosphate, 288 
requirements, 288 . 
structure, 287 
Thiazole in thiamine, 287 
B-2-Thienylalanine, 651 
Thiopanie acid, antagonist to panto 
acid, 650 
Thiouracil, effect on B. M.R., 569 
inhibition of thyroid secretion, 618 
Thiourea, inhibition of thyroid secretion, 
578 
Thirst, cause, 494 
Thixotropy, 31 
Threonine, formula, 105 
metabolism, 379 
D-Threose, formula, 49 
L-Threose, formula, 48 
Threshold substances, 514 
Thrombi, 193 
Thrombin action on plasma <Ac- plobutite 187 
formation, 186 
neutralization, 189 
of human plasma, uses, 199 
suppression, 189 
Thromboplastie substances, 187 
Thromboplastin, 187 
component, deficiency, 188 
Thunberg technique, 343 
Thymidine, 399 
Thymidylie acid, 399 
Thymine, formula, 398 
Thymus nucleic acid, 397 
tissue, water content, 18 
Thy roglobulin, 615 
Thyroid-anterior pituitary relationship, 627 
Thyroid conditions, blood cholesterol in, 589 
sugar in, 581 
gland, 614 
and carbohydrate metabolism, 441, 443 
functions, 616 
influence upon metabolism, 616 
hormone, identity, 616 
secretion, inhibition by drugs, 618 
tissue, water content, ‘18 
Thyronine, 616 
Thyrotrophie factor, isolation, action, prop- 
erties, 627 
Thyroxine, 108 
formula, 615 
Tin, 486 
Tiselius method for electrophoresis, 113, 171 
Tissot ae for B.M.R., 561 
Tissue(s), 12! 
adipose, 140 
connective, 133 
epidermal, 132 


| 
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Tissue (s)—Cont’d 
general composition, 131 
inorganic constituents, 18, 131 
muscle, 143 
nervous, 140 
organic constituents, 18 
primary and secondary constituents, 131 
water of, 17 
Titratable acidity, 28 
Titrations, end points, 29 
a-Tocopherol, formula, 272 
palmitate, crystalline form, 280, 281 
a-, B-, y-Tocopherols, 272 
Tolerance tests, glucose, 437 
Tooth development, vitamins and, 140 
Tophi, urate, 586 
Total solids of urine, 507 
Toxicity of products of putrefaction, 251 
Toxins, hemolytic, 175 
Trace elements, 486 
in foods, 323 
Tracer experiments (see also Isotope experi- 
ments) 
relating to bile salts, 240 
Trans and cis forms of fatty acids, 77 
Transacetylases, action, 210 
Transaminases, 367 
action, 210 
Transamination, 366 
alanine in, 378 
and pyridoxine derivatives, 295 
Transferase, 354 
Transglycosidases, action, 210 
Transmethylases, action, 210 
Transmethylation, 367, 390 
and fat formation, 452 
energy requirement, 392 
reactions, scheme of, 392 
role of choline, 305 
vitamins in, 392 
Transpeptidases, action, 210 
Transpeptidation, 368 
Transphosphorylases, action, 210 
Transudates and exudates, characteristics, 
202 
Trauma, parenteral feeding in, 406 
Tricarboxylic acid cycle, 357 
scheme, 426 
Trichlorethyl alcohol, 646 
Triethylcholine, antagonist to choline, 652 
as substitute for choline, 652 
lipotropic, 452 
Triiodothyronine, 108 
formula, 616 
Triketohydrindene hydrate, 109 
Triose(s), 45 ‘ 
energy transfers in catabolism, 355 
oxidation, 353, 355 
Tripalmitin, formula, 76 
Triphosphopyridine nucleotide, 217 
Trisaccharides, definition, 44 
Tritiated water, 491 
Trommer’s test, 51 
Trophic hormones, 623 
Trypsin, action of, 232 
crystallized, 208 
Trypsinogen, 231 
Tryptamine, formation, 250 











Tryptophan, decomposition in large intes- 
tine, 250 
formula, 105 
from serine, 379 
metabolism, 383 
’ pyridoxine and, 295 
scheme, 383 
reducing action, 382 
relation to niacin, 291 
synthesis, 383 
transformation to indican, 521 
Tumors, biochemistry, 663 
enzymes in, 666 
pancreatic and hypoglycemia, 441 
prostatic, sex hormones and, 668 
Turanose, relationship to sucrose, 45 
Tyndall effect of colloids, 32 
Typhoid fever, bile pigments in blood, 597 
Tyramine, formation, 249 
relation to epinephrine, 251 
Tyrocidine, 110, 673 
Tyrosinase, action, 382 
in skin, 133 
Tyrosine, a seam in large intestine, 
49 
formula, 105 
metabolism, 379 
ascorbic acid and, 352 ss 
scheme, 381 
vitamins and, 302 - 
reducing action, 382 
Tyrosinosis, 380, 532 
Tyrothryein, 673 


U 


Uleer formation, 231 
peptic, diet in, 332 
Ultracentrifugation, 30, 128 
Ultrafiltrate, body fluids as, 201 
Ultrafiltration, 30 
Uncompensated acidosis and alkalosis, 548, 
549 
Unsaturated fatty acids, oxidation of, 82 
Unsaturation of fatty acids, 82 
Uracil, formula, 398 
Urea, amount excreted, 373, 516 
blood, normal and pathological, 583 
characteristics and properties, 515 
clearance test, 658 
clinical significance, 517 
formation, 371 
enzymes in, 373 
scheme, 373 
site, 371 
formulas, 515 : i 
nitrogen, relation to nonurea nitrogen, 516 
physiological effects, 374, 517 
Urease, action, 210, 515 
crystalline, 209 
crystallized, 208 
Uric acid, acidie properties, 518 
blood, influence of diet, 584 
normal and pathological, 584 
ealeuli, 531 
characteristics, 517 
formula, 398 
miscible pool, 402, 586 
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Urie acid—Cont’d 
urinary, amount eliminated, 519 
and purine diet, 401 
nuclear metabolism and, 519 
Uricase, action, 401 
Uridine, 399 
Uridylie acid, 399 
Urinary calculi, 530 
and vitamins, 530 
diet, 334 
flow, obstruction, blood creatinine in, 585 
urea in, 583 
uric. acid in, 585 
glucose, normal range, 420 
Urine, 505 
acetone bodies, normally, 522 
acid formation, theories, 546 
amino acids in, 528 
ammonia, amount and function, 517 
anions in, 512 
Bence-Jones protein in, 527 
bile and derivatives, 529 
blood in, 528 
cations in, 512, 515 
chloride, normal and pathological, 513 
chromogens, 505 
citrate, 522 
eolor, 505 
creatine and creatinine, 519 
enzymes, 523 
fat, 525 
fructose, 525 
galactose, 525 
general characteristics, 505 
composition, 512 
glucose, normal amounts, 522 
pathologically, 523 
glucuronates, properties, 522 
hemoglobin in, 528 
hippurie acid, 520 
hormones, 523 
in diabetes, 524 
indiean, 521 
ketone bodies, normal amounts, 522 
pathologically, 528 
lactose, 524 
mucins, 528 
nitrogenous organic constituents, 512 
nonnitrogenous organic constituents, 512, 
522 
nucleoproteins, 527 
odor, 510 
oxalates, 522 
pathological constituents, 523 
pentose, 524 
pH range, 510 
phosphorus, 513 
pigments, pay and abnormal, 505 
polypeptides, 527 
proteins, 526 


pus, 511 
reaction, 510 
secretion, mechanism, 496 


sediments, 508, 509 

resulting from sulfa drugs, 511 
specific gravity, 507 
sulfur, 512 








Urine—Cont’d 

turbidity, 510 

uric acid, 517 

urobilin in, 529 

urobilinogen in, 529 

vitamins in, 523 

volume, 506 
Urobilin, 238 

in urine, 529 
Urobilinogen, 238, 505 

detection, 530 

in urine, 529 
Urocanie acid from histidine, 388 
Urochrome, 505 
Urochromogen, 505 
Uroerythrin, 505 
Urogastrin, 602 
Uronie acids, 73 
Uroporphyrin, 505 


Vi: 


Valences, coordination, 178 
Valine, formula, 104 
metabolism, 378 
Van den Bergh test, 597 
Variable elements of tissues, 19 
Vasodepressor material, 661 
Vasoexcitor material, 661 
Vasopressin, 622 
effects, 622 
VDM, 661 
Veal, composition, 698 
Vegetables, composition, 702 
VEM, 661 
Venoms, snake, lecithinases, 90, 465 
L-5- Vinyl- 2-thiodxazolidone, antithyroid effect, 
618 
Viosterol, 265 
Virus proteins, antibody to, 643 
Viscosity, definition, 41 
of blood, 166 
Visual purple, 262 
Vital stains, 128 
Vitamer, definition, 273 
Vitamin(s), 254 
and tooth development, 140 
and urinary caleuli, 530 
antirachitice, 264 
antisterility, 272 
as drugs, 308 
bacterial synthesis, 310 
biosynthesis, 306 
chemical methods of assay, 255 
classification and naming, 256 
decreased absorption, 309 
deficiencies, conditioned, 309 
deficiency caused by sulfa drugs, 675 
definition, 256 
destruction by bacteria, 310 
by intestinal organisms, 256 
difference from hormones, 256 
diminished intake, 309 
fat-soluble, 257 
historical, 254 
imbalance, 310 
impaired utilization, 309 
in daily life, 308 
in foods, 324 
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Vitamin(s)—Cont’d 
in milk, 157 
in tissues, 146 
in transmethylations, 392 
in urine, 523 
increased elimination, 309 
requirements, 309 
inhibitors, 310 
mechanism of action, 256 
milk, 162 
parts of coenzyme and enzyme, 349 
relation to carcinogenesis, 666 
synthesis by intestinal organisms, 256 
toxicity of, 308 
water- soluble, 277 
Vitamin A, 257 
absorption, 259 
action, mode of, 262 
and bone formation, 138, 262 
and cone pigments, 264 
and epithelial structures, 260 
and lactation, 260 
and nervous system, 262 
and reproduction, 260 
and rod pigments, 262 
and teeth, 262 
crystalline form, 281 
deficiency, effect of, 259 
esters, 258 
excretion, 264 
formula, 258 
histochemical detection, 146 
in newborn infants, 259 
occurrence, 258 
properties, 257 
rancid fats and, 464 
requirements, human, 264 
secretion, 264 
storage, 264 
unit, 264 
vitamin E and, 274 
Vitamin A,, A,, 258 
Vitamin B complex, 285 
factor, definition, 285 
Vitamin B, heat stable, 289 
Vitamin B,, 286 (see also Thiamine) 
Vitamin B, (see Riboflavin) 
Vitamin B, (see Pantothenic acid) 
Vitamin B, (see Choline) 
Vitamin B, (see Nicotinic acid and Niacin) 
Vitamin B, (see Pyridoxine) 
Vitamin B, (see Biotin) 
Vitamin B, (see Inositol) 
Vitamin B, (see Folic acid or Pteroylglutamic 
acid) 
Vitamin By, 302 
and pernicious anemia, 196 
clinical uses, 303 
crystalline form, 281 
degradation products, 303 
dosage, 303 
effect upon growth, 304 
folie acid, mechanism, 304 
occurrence and properties, 303 
provisional formula, 303 
Vitamin C, 278 (see also Ascorbic acid) 
Vitamin D, 264 
absorption, 267 
action, mechanism, 271 











Vitamin D—Cont’d 
and blood caleium, 475 
and bone formation, 138 
and cartilage development, 135 
deficiency effects, 267 
discov ery, 265 
excretion, 271 
formation in subcutaneous tissues, 132 
occurrence, 266 
properties, 265 
provitamins, 265 
relation to radiant energy, 265 
requirements, human, 271 
serum calcium and phosphorus and, 594 
storage, 271 
structure, 266 
tests, 271 
three ways of providing, 267 
toxicity of large doses, 272 
Vitamin D,, D., Ds, ete., 266 
Vitamin D,, crystalline form, 281 
formula, 266 
Vitamin D,, formula, 266 
Vitamin E, 272 
absorption, 273 
and vitamin A, 274 
antioxidant properties, 274 
deficiency effects, 273 
human needs, 273 
mechanism of action, 274 
occurrence, properties, structure, 272 
rancid fats and, 464 
storage, 273 
vitamers, 273 
water-soluble forms, 273 
Vitamin K, 274 
absorption, 275 
and prothrombin formation, 186 
antagonists, 277, 651 
bacterial synthesis, 276 
erystalline form, 281 
deficiency effects, 276 
three causes of, 276 
occurrence, 275 
production, influence of sulfa drugs, 276 
requirement, 277 
structure, 274 
water-soluble vitamers, 275 
Vitamin K,, K,, 274 
Vitellin, 101 
Vomiting, blood chlorides following, 595 
fluid loss in, 499 
Von Recklinghausen’s disease, 620 


W 


Walpole buffer standards, 685 
Warburg manometer, 344 
respiratory enzyme, 350 
Water balance, 472, 489 
body, determination, 491 
bound and free, 17 
content of, in tissues, 18 
dissociation constant, 23 
fluoride test, experiment, 484 
functions of, 18 
gastrointestinal secretion, 495 
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Water—Cont ’d 
in respired air, 495 
intake, 494 
metabolic, amount, 489 
of muscle, 143 
of nervous tissue, 140 
output, 494 
pathways in body, 489 
pH of, 23 
presence of, in tissues, 17 
reabsorption in kidney, 497 
role in heat regulation, 18 
softening, methods, 81 
Wax(es), definition and examples, 85 
ear, composition, 132 
Weight reducers, explanation of action, 359 
reduction, physiological method, 331 
Wheat flours, comparison, 324 
gluten, composition, 120 
milling, effect of, 324 | 
Whey, color, 153 
composition, 160 
production, 161 
White blood cells, number and composition, 
184 
fibrous tissue, composition, 135 
matter, composition, 140, 141 
Wool, composition, 120 
Work, mental, influence upon total metab- 
olism, 573 
muscular, influence upon total metabolism 
572 


I 


x 


Xanthine, formula, 398 

Xanthine-oxidase, action, 401 
flavin in, 348 

Xanthoma, 468 

Xanthoproteic reaction, 103 





Xanthurenie acid, tryptophan and, 383 
Xerophthalmia, 260 ‘ 
Xerosis, conjunctiva, and vitamin A de- 
ficiency, 261 
Xylans, 66 
Xyloketose, 45 
L-Xyloketose, formula, 64 - 
in urine, detection, 525 
synthesis, 431 
Xylose, 45 
formula, 46 
p-Xylose, 64 
formula, 49 
specific rotation, 51 
L-Xylose, formula, 48 


y 


Yeast nucleic acid, 397 
proteins, composition, 120 ; 
Yellow elastic tissue, composition, 135 
enzyme, crystallized, 208 
in physiological oxidations, 348 
structure, 348 
Yoghurt, 161 


Z 
Zebra milk, composition, 149 
Zein, 100 
composition, 120 
Zine, 482 


in enzymes, 208 
insulin, 603 
stearate, 80 
Zoopherin, 303 © 
Zwitterions, 112 
Zymase, 60 
Zymogens, 209 
activation, 217 
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